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NEW RESULTS IN THE THEORY OF NONAXIAL NUCLEI 
- A.S.Davydov 


Introduction 


At the present time it is still impossible to perform exact theoretical cal- 
culations of the energy levels of heavy and intermediate nuclei consisting of 
relatively large numbers of nucleons. It thus becomes necessary to simplify the 
problem by making use of some nuclear model. On the one hand, this model must be 
Simple enough to be handled by modern quantum mechanical techniques, and, on the 
other hand, it must be capable of describing a rather large amount of experimental 
data with the minimum possible number of empirical parameters. 

In even-even nuclei the low-lying (<2 Mev) states are collective in nature 
and can be treated as excitations related to changes in shape and orientation of 
the nucleus. The characteristics of these collective excitations depend strongly 
on the shape of the nucleus in its ground state. 

In the case of nuclei in the vicinity of the double magic numbers the ground 
state is spherical. The collective excitations of such nuclei involve the produc- 
tion of phonons of frequency © and angular momentum 2. The theory of such excita- 
tions has been discussed by Bohr and Mottelson. Except for the degeneracy in the 
z-component of the angular momentum, single-phonon excitations of energy /iw and 
angular momentum 2 give rise to a nondegenerate state. Two-phonon excitations 
with energy 2/w are triply degenerate (I = 0, 2, 4); three-phonon excitations are 
quintuply degenerate (I = 0, 2, 3, 4, 6), etc. 

Such a simple scheme is not observed for any even-even magic-number nucleus 
(or any nucleus close to it). Many nuclei with magic neutron or proton numbers 
(016, Ge72, zr9°) , whose equilibrium shape is about as spherical as is possible, 
have first excited states with spin zero. In the case of Ge’, Cel40 ana Ca42 
the spin-zero level lies very close to the first excited state with spin 2. In 
many other even-even nuclei (Cd114, pal10 and others) the first excited state has 
spin 2, and the next excited states with spins 2, 4 and sometimes 0 form a close 
group. Attempts have been made to identify these levels with the triplets expect- 
ed from oscillation theory. In order to explain the splitting of these levels, 
the theory was made more complicated by introducing interaction between the sur- 
face oscillations and single-particle states (Scharff-Goldhaber, Weneser and 
others). Nevertheless, these theories did not explain the experimental data. The 
interaction of some of the nucleons with the surface must inevitably lead to a 
nonspherical equilibrium shape. For nuclei such as Cd and Pd the deviation from 
sphericity cannot be small, since their surfaces are highly deformable, as is seen 
from the large amplitudes of the zero-point B-oscillations. Thus, for instance, 
according to D.Stelson, for a typical nucleus of this type such as pdll0, the value 
of Ve is 0.27. It then becomes necessary even in the zeroth approximation to 
take account of the lack of spherical symmetry of the nucleus. 

If the equilibrium shape is not spherical, then in addition to surface oscil- 
lations one must consider rotations, i.e., changes of orientation in space. If 
one approximates the nucleus by an ellipsoid, the shape of the nucleus for given 
volume will be determined by only two parameters, namely, B(0<f) and wy (O << Was 
< 2/3). To these two parameters one may add the Euler angles 0,, 0, and 9;, thus 
obtaining five dynamic variables which characterize the collective motion in the 
simplest model of even-even nuclei. 

The present communication is a review of the theoretical work in which col- 
lective excitations of even-even nuclei have been treated in various approximations. 
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Section 1 is a brief resume of the adiabatic theory of rotational levels, in which 
the internal parameters fp and 7 are considered fixed. Section 2 outlines the the- 
ory of rotational-vibrational excitations for fixed ;.- Section 3 presents the 
results of a general theoretical study of quadrupole excitations, which treats 
variation of all five dynamic variables. 


1. Adiabatic Theory of Rotational States 


The adiabatic theory deals only with those excited states which have to do 
with rotational motion of the nucleus without internal excitations, i.e., with 
fixed f and jy. 

Until recently it was thought that all nonspherical nuclei are ellipsoids 
of rotation, in other words, that the equilibrium shape corresponds to the fixed 
value y = 0 or 60°. If this is so, only rotation about an axis perpendicular to 
the axial symmetry axis is possible, and the rotational energy of an even-even 
nucleus will be given by the simple expression 


Ey=AI(I+ 1), / where I =0,2,4,... 


Then the energies of the excited states should satisfy the simple interval 
rule: 


HgiHyvEg: By: soo 1 is aTodaas 


The belief in axial symmetry of all nonspherical nuclei was so axiomatic that 
fulfillment of the above energy ratio rule was taken as the criterion for the ex- 
istence of a rotational spectrum in even-even nuclei. Excited states forming ex- 
ceptions to the rule were identified as internal excitations, and nuclei with such 
spectra were considered spherical. 

A recent analysis of the so-called proofs of axial symmetry has shown that 
they are not really convincing. Usually the authors of such proofs have in their 
very statement of the problem postulated that the nucleus is axially symmetric. 

It has been shown by several authors!-§ that deviations from spherical symmetry 
are evinced in many nuclei. 

If one allows that the equilibrium shape may not be axially symmetric, then 
even in the adiabatic approximation the rotational spectrum becomes quite compli- 
cated. The rotational states of such nuclei and the probabilities for electromag- 
netic transitions between them have been studied by the present author with some 
others7»8 up to levels with spin 8. Recently a Canadian group? has extended these 
calculations to levels with I = 20. It has been shown that to each nuclear spin 


there correspond, in general, several energy levels ier with different in- 
0 


dices t. The relative positions of these levels and the probabilities for E2 
transitions between them depend only on the single parameter y, and the value of 
this paremeter can be determined from the ratio of the two excited states with 
spin 2. Several investigators!9°-13 have compared the results of this theory with 
experiment. All of them note that the adiabatic theory of nonaxial nuclei is able 
to explain satisfactorily some of the experimental data. Thus, for instance, 
Grigor'ev and Avotinal® gtate, "...this theory correctly describes some of the 
effects occurring in these nuclei. Undoubtedly the theory of nonaxial nuclei is 

a step forward in the development of nuclear model concepts." 
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2. Interaction of Rotation with B-Oscillations 


The adiabatic theory of rotational states of nonaxial nuclei is a consider- 
able idealization of reality. The rotation of a nucleus is intimately related to 
changes in its internal state. If one considers only collective excitations, as 
was mentioned above, the internal excitations are specified by the dynamic vari- 
ables f and y. Our groupt4-15 has investigated collective excitations without 
separating them into rotational and 8-vibrational, though still holding the para- 
meter fixed. In this case the ratios of the energies of the higher excited 
states to the energy of the first excited state are specified by two parameters, 
the nonaxiality parameter y and the nonadiabaticity parameter . The latter is 
given by (hw/cB,?)2. Consequently, is proportional to the ratio of the mean square 
amplitude of the zero-point surface oscillations to the mean square equilibrium 
value of the parameter f,. 

For rough evaluation one may write approximately w= (Fo) (for p < 0.3), 

B 
where £, (2) is the energy of the first excited state with spin two, and E, (0) is 
the energy of the first 8-vibrational state with spin 0. 

If one sets ut = 0, one obtains the adiabatic approximation. For u < 1/3, the 

energies of states with spin I are given by 


a a? tact dl ee 
4BBS . a BB 
he _ (1) 


where ABR? is the energy corresponding to index tT of the rotational state with 
0 


[e- (7)), (2. 1) 


spin I calculated in the adiabatic approximation. 

In the adiabatic approximation (y = 0) the excited state energy is obtained 
by adding the energies of surface oscillations and the rotation. For yp # 0, there 
appear correction terms allowing for the interaction of the oscillations with the 
‘ rotation. 

For n > 1/3 the spin I collective excitation energies are given by the more 
complicated formula 


F., (1 ae sacs ese oe oan 
gael =(v+4)V 1+ 2 wp e(1) + Ya) e(t) + SS, (2.2) 


where p is a solution of 2p* (p —1)=p‘e, (J) amd v, in general not an integer, is 
a root of the equation 


a! nt (AN ap Ni 
er (yr al (*)( 7) =0. (2.3) 


To every root of this equation there corresponds a rotational-vibrational 
band of states based on the state with spin 0. For wp <1/3 the roots of (2.3) are 
quite close to integers v~n,n= 0,1, ... . In this case Eq. (2.2) becomes (2.1), 
and the collective excitations can be separated approximately into vibrational and 
rotational. For p >1/3, the nucleus is quite "soft". Then its rotation is inti- 
mately connected with variations in its internal state, and the collective vibra- 
tions cannot be separated as above. 

According to (2.2), the collective-state energies are given by two parameters, 
namely, and 7, and these can be determined uniquely if the energies of any three 
excited states are known. When the values of these two parameters are known, one 
can calculate the energies and spins of the other levels and the probabilities for 
electromagnetic transitions between them. A comparison of the theoretical calcu- 
lations with experiment will be found in Ref.15. 


- 796 - 


As an illustration we give below the values obtained for pw and y by fitting 
the experimental data for some specific nuclei: 


Nucleus y, degrees L 
cqll14 23 0.54 
Gql54 12 0.36 
Er166 12 0.19 
05188 19 0.25 
Hgl98 21 0.54 


In Ref.15 Davydov & Chaban also give a plot showing the variation in the 
energy of states with spin 6, 4 and O as functions of B and y. Mallmann and his 
coworkers at the Argonne National Laboratory in the U.S.A. used a computer to cal- 
culate the energy levels according to (2.2) for many values of I. The resulting 
tables, kindly sent us by Mallmann, make it possible to compare experiment and 
theory much more thoroughly. 


3. General Case of Quadrupole Excitation of Even-Even Nuclei 


More recently our groupl6,17 studied general collective excitations, treat- 
ing all five parameters f, 7, 9:, @, and 0; as dynamic variables. It was found that 
the characteristics of these collective excitations in even-even nuclei depend on 
the ground-state shape of the nucleus; hence we shall consider the cases of spheri- 
cal and nonspherical nuclei separately. 


Spherical Nuclei @, = 0) 


Ordinarily collective excitations of spherical nuclei are dealt with in terms 
of phonon excited states with total spin 2 (in units of fh and z-component v = 0, 
+1, +2. For this treatment one uses five dynamical variables b,, each of which 
satisfies the same oscillation equation with frequency o. 

For a more thorough comparison of the spherical case with the nonspherical 
one, it is convenient to use f and y and the Euler angles as the five dynamic vari- 
ables. Then the potential energy depends only on £, and for small deviations from 
the equilibrium position it is of the form 


Ve=s B = wB. 

Jankovicl8 and the present authorl6 investigated the wave functions as func- 
tions of f, yand the 6;. It is foundl® that the energy of spin-zero states in 
spherical nuclei is given by 

Ey (0) = ho (2n + 3d), where n, 4 = 0, 1,2,... (3.1) 

The wave functions corresponding to this energy are 

| Onky = Naa (Z)!+"* exp (—Z/2) F (—n, 34+ /, Z) Py (cos 3y), (3.2) 
where the P(x) are Legendre polynomials, F (—n,a, z) is the confluent hypergeomet- 
ric function, the ,, are normalizing constants, and Z = §?/B2,, B2, = A/V BC. 


For } = 0 the wave function depends only on f. Therefore the excited states 
with n= 1, 2, ..., may be called B-oscillations. The first excited state of this 
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kind has energy Ez, (0) = 2ho. 


The excited states with n= 0, X # 0 will be called y-oscillations. The 
first excited state of this kind has energy E, (0) = 3h. It is possible for EO- 
transitions to take place between spin-zero energy levels. 

The matrix element for such an EO-transition between two states is given by 


p= <f|M (£0) |z, (3.3) 


3Z 4 i Vo 
== (4 +8 + ayy Boo 31) (3.4) 


It has been shownl? that the matrix elements for EO transitions to the ground 
state from first excited § and y states are 


where 
M (£0) 


3Z 5 
|o(0s—>0)|=—2 / 22, with transition energy 2h; 


aE ae 
ee Oe with transition energy 3ho. 
Thus pf and y excited states with zero spin differ in their properties. 
The matrix element for an EO transition between the first two spin-2 excited 
states has also been calculated. It is 


|p (22> 21)| = VS 2h, 


Nonspherical Nuclei @o # 0); yo = 0 


If there are some nucleons outside the filled shells or a few nucleons lack- 
ing to complete the last shell, the potential energy of the nucleus will depend 
on y as well as on f. It can be shown that for small deviations from the equili- 
brium position at the potential energy minimum, the potential may be written in 
the form 


V(Br) = 5 B*+ Bx (cos 37) =~ A + B— Bye + Wry — a2, (3:5) 


Nonspherical nuclei (those with f, +0) always have a definite sign of elec- 
tric quadrupole moment (+ or -). This fact is an experimental indication that the 
potential energy contains a term depending on jy. 

With the potential given by (3.5), the Schrédinger equation for the station- 
ary state wave function YW (f70)) = 7 MB) ®(r, @,), can be written in the form of the 
two equations 


3 42 
ality be fk Shee et Tj 
‘ie sin 3y 5 ( sind ap) q 


ame Qu 
1=1 Sin? fs — +) 


( 2 ie pager A 2) es 
{3-24 $6 —Bo) + “Sage — E} 78) = 0, (3.7) 


pets teky 0) Ah x D(7i0:) = 0; (3.6) 


where 
BC, BE 


eae 
These equations have been treated elsewhere by the present author.16 In spin- 
zero states Mis independent of the Euler angles (pure y-oscillations). For this 
case the ground state wave function is given by 


Cy = of B. 


@ (7) = N exp {—7. (3.8) 
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tag Yo faen Moe oes h q (3.9) 
2.V Dee tee Mike teE Re 

Noting that the volume element in y-space is sin 3ydy, we find from (3.8) that 
the most probable value of y is given by y,,—JI. Thus even when the potential 
energy minimum corresponds to an axially symmetric nucleus, the most probable 
nuclear shape is not one with axial symmetry. We recall that in the ground state 
of a hydrogen-like atom the most probable separation between the electron and the 
nucleus is equal to the radius of the first Bohr orbit, while the potential ener- 
gy minimum occurs at r= 0. 

It has also been shownl7? that if one sets the parameter used in the adiabatic 
theory of nonaxial nuclei’»® to its most probable value y,, = J for the ground 
state, one can explain the ratios of the excited level energies and the probabili- 
ties for electromagnetic transitions between these states with satisfactory ac- 
curacy for nuclei in which yy, < 15°. Thus it becomes clear that the phenomenologi- 
cal value of y used in several cases’,8,15 for nuclei with y < 15° can be inter- 
preted as the most probable value Ym in the ground state. 

It has been shownl® that for y) = 0 and p = 0, the excitation energy for 
states with spin 3 is given by 


Ea Ol AiG 12h Cale laters ae 


[2 


Inserting the value of , from (3.9), we find that for n =’A= 0 the energy 
of the first excited state with spin 3 is given by 


he 3h? 
Eu (3) = ae 
mid pA] peace 


On the other hand, according to the adiabatic theory of rotational states, / 
the energy of the level with spin 3 is 


: 18h? he 2 
Pia (S eset oes eee 


noe ~ a a eS ? 4:58 
4BB5 sin? (3y,,) 213,882  2BB? net 


When Ym < 15° , it turns out that K (the projection of I on the nuclear sym- 
metry axis) is a relatively good quantum number. In this approximation1l§ the ener- 
gy of the excited state with total spin I and projection thereof K is given by 


By, (IK) = no + Rey (2h + K/2) + BUY 1) — 10k 
6BB? 


‘ 


Inserting w, from (3.9), we find that for n=A= 0 


OK) — OK | BU +4) — Ky 
ae (Ik) pone 4BY?p2 ] 6BB? : . (3.10) 


At the same time, the adiabatic theory of rotational states, for instance, 
gives the following expressions for the spin 2 levels (with {now 10}. 


ay OWS SE as en gS ae (3.11) 
4BB, sin? (31) BB ) 
aoe gre 1+ V1—*%psin® (37, ) 2 2 
2 (2) 4BB? sin? (3y,,,) mr 2BB2y2, —- DBR? : (3522) 


As may be expected, these equations agree with (3.10) for l =yn, when I = 2 
a 


K = 0, and when I = 2, K = 2, respectively In 
° particular, it follows from (3.1 
and (3.12) that the approximate formula for evaluating ee eee 
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EF’ (2) oll / j 4 
Be aiolik 4 eqate | ae 

Further, using (3.9), we can obtain from (3.11) and (3.12) the approximate 
equation 


2K, (2) — E, (2) = 2ha, ~ Ey (0). @.23) 


Since £, (0) = 2hw, when y, = 0, we may also use (3.9) to deduce the formula 


2 Eg (0) 


ee a (3.14) 


which makes it possible to calculate ym=I from the ratio of the two spin-zero 
levels, and vice versa. An approximate determination of the £, (0)/E, (0) can be 
obtained by using the values of wu and y found15 by comparing the experimental 
values of the spin-2 and spin-4 levels with their theoretical values. For in- 
stance, in this way one obtains yw = 0.25 and y = 19° for 0s188 , Setting y =I 
and inserting these values into (3.14), we arrive at 


> = 0.324 \2 
[Eg (0) / Ey (O)peo= oo ~~ 1.68, 

which is in good agreement with the experimental value of 1.63 for the spin-zero 
levels at 1765 and 1086 kev, as obtained by King and Johns.19 We have identified15 
the higher of these levels with B-oscillations. Therefore the other must be as- 
sociated with y-oscillations. This interpretation is substantiated by the approxi- 
mate agreement with Eq.(3.13). In Os!88 the energy levels are EF; (2)= 155 kev and 
E, (2)= 633 kev, so that Eq.(3.13) gives 1111 kev, which is not very different from 
E,, (0) = 1086.2 kev. 

Wilson and Pool20 observed two spin-zero levels with energies 1462 and 2168 
kev in Erl66, The energy of the first excited level with spin 2 in this nucleus 


is 80.7 kev. Setting at £,(0) = 2168 kev and using the formula pe $2, we ob- 
B 


tain wp #0.19. According to a previous paperl5 , the effective value of y, in this 
nucleus is y,= 12.4°. Using (3.14), we arrive at 
[ Zp (0) bd 0.245 
LE Jenoo® \Oa0 


2 
e126. 


which is in satisfactory agreement with the experimental value 1.48. Equation 
(3.13) is approximately satisfied also for Er166; we have F, (2) = 788 kev, so that 
2E, (2) — E; (r) = 1495 kev, which is close to the experimental value E.(0) = 1462 kev. 

In nonspherical nuclei with y, = 0 and small values of (< 1/3), the energy 
of a spin-zero state is given by 


Ey (0) = nio + 2hho,. 


The normalized wave functions for these states were given in Ref.17. Using 
these functions, one can obtain the matrix element for the EO-transition from the 
first B-vibrational level to the ground state (the transition energy is Ep (0) = ha): 


SP 2 4 a2 
p (Og > 0) = DOCKS 


- 800 - 


The corresponding transition (with energy EL, = 2hw,) from the first y level 


to the ground state is much less probable, since its matrix element is 
45V5 7£8() os 
O10) ae: a7 2B8 
p { 6 me ) 28n'/2 E_ (0) 4 Bo 


The matrix element for the E0-transition between the first f level of zero 
spin and the corresponding y level is 


135V5 7 £e (%) 


0g > 0,) = = CATE the 
p (0g y) 28 V2 a2 B_ (0) ¥ Bo 


As has been shown,1® when one is studying states with total angular momentum 
I 4 0, one must bear in mind that K is not a good quantum number. This question 
has been discussed in some detail by Belyak & Zaikin21, For instance, the wave 
functions of the first two spin-2 excited states are of the forml7 


4V2 


Vy (2) = Yoo + 3 P? Woo, 
We (2) = Yon — V2 TP? (aboy + Pb); (3.15) 
where ar 2 = 
(re) “ee {>a [at (Ge) | 


, 


0). =lIK = 
‘brx (BY6;) = | [A> (Waus, KOE 


= 27+14 "9 I ‘Eo Ini J 
| 1K) a Fexc ary {Dux + ( 1) Dipbg; 


Poo 74 | » (Vip, Tep exp ie [7 Ec at p72 I} "3 


By using the wave functions of (3.15), one can calculate the matrix element 
for the E0-transition between the two states with spin 2. One obtains 


30 V10 
In/2 
It can also be shown!’ that the probabilities for E2-transitions to the two 


spin-2 levels from both the ground state and the first B state are in approximate- 
ly the same ratio: 


|p (22> 24) | = 2V1 gasps, 


B(E2; 0-22) B(E2; 0, > 22) : 
B(E2;, 0 -> 21) ~ B(E2; 0g > 21) = 2m. (3.16) 


This same ratio for the first y states is quite different: 
B (E2; 0, > 22) D) 
B(E2; 0,21) ~ T? * 
Nonspherical Nuclei Go # 0); 75 # 0 
RNS NE ME a EE ile SL 


If the potential energy minimum of the nonspherical nucleus corresponds to 


Yo > 15° the wave function of the zero-point y-oscillat 
state is of the form y ations in the nuclear ground 
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N exp {- ae = %o \ ‘| 
(7) = ied ) 
V sin 37 
In this case the most probable value of YAS) Yos oleCoy aim == 16 


The excited state energies for such nuclei have been calculated.16 ‘The ener- 
gy of a state with spin I is given by 


E=ho {(v + %/2)V 1 3 (A + 2) (w/pyt + 1/, (A +2) (u/p)? + ea (3.17) 
Bool 
where 
bts Oy 4a leg . 4 4 
A= 2 212 sara aint) 


Here pis a root of the equation 
Papi) (AE 2) 2, 
and v is a root of an equation of the form of (2.3). 
When p <1/3, one finds that v=7 and p=1+ (A+ 2)‘; therefore using (3.9) 
with (3.17), we find the excited state energies to be 


AE = nho + Aho, + 


— pis. (3.18) 


Thus for small values of wu, the collective excitation energy is the sum of 
the energies of the f- and y-oscillations and the rotation. The last term in 
(3.18) characterizes the interaction between these three kinds of excitation. 
When n =A= 0, the expression for S, the correction term in (3.18), is given by 
he, (1) 
8BB> 

According to (3.18), the energy of the spin-zero first excited y-oscillation 
state will be 


we 
Sv 
- —_ 


len?) 4 2/te re 


hz 
EO) hoe 2BBeT* : 

Equation (3.13) need no longer be fulfilled. In other words, £,(0) does not 
depend strongly on £,(2) and E,(2). It is likely that one may succeed in using this 
fact to answer the question of which nuclei have yj, + 0. 


Conclusions 


As has been pointed out above, the theory of quadrupole collective excitations 
dn even-even nuclei can be used to explain many experimental facts. This theory 
has been developed, however, only for small oscillations about the equilibrium 
position for y, = 0 and for Yo > 15°. Still uninvestigated is the 0< Y< 15° case. 
There has as yet been no quantitative treatment of the negative parity collective 
excitations observed in even-even nuclei. There is no quantitative theory of col- 
lective excitations in odd and odd-odd nuclei. There does not exist at present 
a theory which will give the values of the collective parameters from information 
about individual particle states within the nucleus; in particular, one is not yet 
able to calculate the potential energy of the nuclear surface as a function of y 
and Bp. The success in explaining the moments of inertia of nuclei leads one to 
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hope that these problems will be solved in the future through development of 
theory based on methods taking into account nucleon pairing, leading to superfluidi- 
ty of nuclear matter. 


Moscow State University 
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CALCULATION OF THE PROBABILITY OF THE AUGER EFFECT 
~ M.A.Listengarten 


ga ae of the Auger effect has been calculated by many investi- 
ne non-relativistic approximation. Comparison of the results of 
these calculations with the experimental data8~10 showed that the relative inten- 
Sities of the K - LL Auger lines obtained in this approximation disagree with the 
experimental results. This disagreement is of the order of 30-50% for medium 
values of the atomic number Z and reaches a factor of 3-4 in the case of elements 
with large Z (Z> 80). It might be supposed that this disagreement is due to neg- 
lect of relativistic effects. However, the relativistic calculations of Massey 
& Burhop!! did not lead to any better agreement with experiment as regards the 
relative intensities of the K - LL group Auger lines. In view of this, we under- 
took new calculations for the K - LL group Auger line intensities in the relativ- 
istic approximation. Using the general formulas of quantum electrodynamicsl2, we 
have obtained more accurate (in comparison with Ref.11) relativistic expressions 
for the probability of Auger transitions and have carried out numerical evalua- 
tions of these probabilities for Z = 81; in the calculations the effect of screen- 
ing was taken into account by means of the Thomas-Fermi-Dirac statistical model 
of the atom. 

The recent work of Asaad?3 also contains relativistic calculations for Z = 80. 
In this work screening is taken into account through the use of the non-relativ- 
istic self-consistent Hartree field. Below, our results and those given in Refs. 
4, 11 and 13 are compared with each other and with the experimental data. 

2. Our calculations of the Auger effect probability are based on the rela- 
tivistic quantum theory of the retarded interaction of two charges. The transi- 
tion occurs as a result of interaction of the electrons, which is regarded as a 
perturbation. The transition probability is given by the invariant theory of ex- 
citations, which was systematically developed by Akhiezer & Berestetskiil?, The 
' theory of the Auger effect is in many ways analogous to the theory of internal 
conversion. One of the differences is that, in the case of the Auger effect, one 
must allow for indistinguishability of the electrons participating in the process. 

The Auger effect is a second-order process. In the initial state no photons 
are present and the two electrons are in individual states A and B. In the case 
under consideration, these electrons will be two L electrons described by the wave 
functions a =‘, (r) and }z =‘, (r) in the static field of the nucleus and the 
other atomic electrons (a,b = 1, 2, 3 for the Ly, Lyyz and Lyyy shells, respective- 
ly). In the final state of the system, the electrons occupy two new individual 
states C and D, and again there are no photons present. The final state of the 
electron, which has occupied the vacancy in the K shell, is described by the wave 
function Pp =x (r). The state of the other electron, which has left the atom, 
lies in the continuum and is described by the wave function ‘Pc = Yq (r). 

The matrix element of the energy perturbation which determines the transition 
probability isl2 


Ui; = Uap; co —U ap; vc - (1) 


The second term, preceded by the minus sign in (1), is obtained from the first 
by exchange. The graphical representation of the second-order scattering matrix 
element °5!?), also includes two diagrams: a direct one and an exchange one. The 
presence of the second term in (1) is a consequence of the antisymmetry of the 
two-electron wave function. Following Akhiezer & Berestetskiil2, we write the 


matrix element U4,3.cp in the form 
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> > 
1 — a1: 


Uap:co= Ue = 0 \\ Wool) Vie) ogre Pa Oh) X Wes (ta) (dry) (drs); @) 


here the with the indices K,L,, L, and co are time independent parts of the four- 
component wave functions of the electron in the states mentioned above; ky = E,, — 
— Ex, where FE is the energy of the electron. The vector Dirac matrix operators 


a, and Oe operate on the wave functions of the electron with coordinates r, and 
r,, respectively. In Eq.(2), and in most of the numerical calculations, we have 


used relativistic units (a Maas oe eae; e% = aaa). The exchange matrix element 


Uap: pc is distinguished from U,4s,cp by interchange of the final states CD or ini- 
tial states AB of the electrons (interchange of a and J). 

For large Z a system consisting of six L electrons (or two vacancies formed 
as a result of the Auger effect) is described with adequate accuracy by the quan- 
tum numbers of relativistic single-electron states in a central field. In this 
approximation (jj-coupling) the K - LL group of Auger electrons is split into six 
lines: K —L,L, (a,b = 1, 2, 3). Each of the six transition probabilities w, is 
given by 


Way = On D) * [U an — Urq|? 6 (Ex, + Ex, — Ex — Eno), (3) 
PL? Lp? %co 
The quantum number x = (1 — j) (2) -+ 1), where / is the orbital angular momentum 
and j the total angular momentum of the electron; Up, and Mp, are the Z-components 
of the total angular momentum of the electrons in the L shell; 6 is the delta- 
function; x. is the value of x in the continuum state. Summation and averaging 
over the two states of the K electron gives the factor l. 


3. To integrate over the angles 0,,q, and %,,q, in Eqs.(2) and (3) we use 
the expansions12,14 


1 


peep Bis auld) @z (71, 72) Yim (91, 1) Yi (O2, G2); (4) 
hye ite tklry—ts] _ ; , Ea = = 
ry — Ye | a | = 4nik py Dz 42 (71, 72) (a, YP (31, 1)) (a, Year (92, P2)); (5) 


Yim (9,9) is a spherical harmonic; Y/'), (9, @) is a spherical vector with components 
(see Refs.12,14) 


(A) v 
[Yim (0, )] = (ie Lv; ie oe M—v (0, ®); (6) 
a are the Clebsch-Gordan coefficients; 


hy (kry) jx (kra) for ry > Ta 


Mr (ry, 7 =|; 

Mr Ta) = \ (hry) he (kre) Lor ry > My 3 
jt (kr) and hy (kr) are spherical Bessel and Hankel functions 
Heb itie (see, for example, 


Prool OO elena wave functions of an electron in a central field have the 


Bey () 2 (Te OPE? (09) 
i) =( ). a 


G, (7) YS (8, @) 
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Y‘) is a spherical spinor with components!2,14: 


cy (7 o—!/, Aj r 
[Yiele = (sal) BOWEN Serie a Vite nto (9, 9), (9) 
t=l—jotth, o= +4, 


Ff, (r) and G,(r) are radial wave functions and are given by the solution of the 
set of differential equations 


dG F 
~ =—*1'G,4+ (E-W (r) +1) F,, 
dF, oe (10) 


ee (He eV (ct) 1) Gy 


dr r 


Eis the total electron energy, including the rest energy mc?; eV (r) is the poten- 
tial energy of the electron in the field of the nucleus and the other atomic elec- 
trons. Inserting (4)-(9) into (2) and (3) and performing the angle integrations 
of the product of the three spherical functions over their angles 0,, 9, and the 
three spherical functions over their angles %,, 9., we obtained expressions for the 
probabilities w,, expressed in terms of the sum of the radial double integrals 
with numerical factors.* The integrals are of the form 

foe) ie 

Tey) = B\ {Ru (r) Bg (7) em (Br) \ Jn (0) Ra (0°) Rey (0) 7°80" + 
0 


0 
r 


+ Rx (7) Rey (7) hey (er) \ fn (Fer) Ba 0") Re, (7) redr’| redr, (11) 
0 
where R(r) are the radial wave functions (/ and G); here, x=x,. and k=kp ; the 
indices a, b,n and x take on the values a=1, 2, 3; bB=1, 2, 3; n=O, 1, 2; 
Moms +1, +2, +3. To find the six probabilities w,, for a given value of Z it is 


"necessary to calculate 158 integrals of the form (11) with different combinations 


of the wave functions / and G and different sets of the indices a, ),n and xo. 

4, The electron wave functions of L electrons must be calculated in the field 
of an atom lacking one K electron. For the continuum electron, the wave function 
must be calculated in the field of an atom lacking two L electrons. 

The region of the atom which is relevant to the Auger effect is at the same 
time the region where the statistical model is most applicable. Accordingly, the 
Thomas-Fermi-Dirac statistical model of the atom (the Thomas-Fermi model taking 
into account exchange) can be used to allow for screening in the calculations. 

In the Thomas-Fermi-Dirac atom, the potential V(r) in Eq.(10) will be 


Vi=—S u(r) — er) + a? G2) 


where y (r) is the Thomas-Fermi-Dirac function (to find its numerical values in 


our case, we interpolated in the tables of Metropolis & Reitzl® and Thomasl? for 


Z = 81); e*y(r) is the potential of the missing electrons. It is permissible to 
ignore the small correction e‘/2n? in view of the estimated accuracy (2-3%) of the 


calculations. The correction e’y(r7) is also much smaller than the leading term 


eZ (r) in the region of the K and L shells and was taken into account only in 
r 


es tee an Oe a OS Oe oo OD OD 


*On correction of a trivial misprint in Ref.13, the formulas of Assad coin- 
cide with those with which we began our calculations in 1957. 
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calculating the continuum wave functions. For the discrete spectrum wave func- 
tion, the correction e’y(7) was not taken into account, and for the bound states 
we took the radial wave functions that were used by Sliv & Bandl8 in calculating 
internal conversion coefficients. The continuum wave functions were calculated 
by numerical integration of the set (10). The solution was in the form of a 
series? ? starting with r= 0. The continuum wave functions were normalized by 
the requirement 


\ (Fr, E)F(r, B) + G(r, E)G (7, EB’) redr = 8 (E — E’) (13) 
0 
by a method analogous to that used by Sliv & Band18, That is to say: for suffi- 
ciently large r(r=r~ 40-50 rel.units), when eV(r)< E~1, the functions F(r) and 
G (r) were expressed as a linear combination of j, (pr) and npr) (n,(pr)is the 
spherical Neumannl5 function), and p = VE? — 1). This gives two equations for 
finding the coefficients A and B for j, (pr) and n, (pr), The normalization factor 


Nis given by 
= p(&* +4) 
N= V (at BY (14) 


The energy / of the electron in the continuum was determined on the basis of 
experimental values. Since there are no measurements for Z = 81, we used the 
values of Bergstrém & Hil120 for AZ (AZ = 0.54, 0.55 and 0.76 for Ly, Lyyz and 
Lyyz shells, respectively) and the tabulated K and L shell electron binding ener- 
gies for Z = 81. In the work of Asaad’, expressions are given for the Auger elec- 
tron energy in the intermediate coupling approximation; however, absolute energy 
values obtained by using these expressions are no better than the values found by 
means of the empirical parameter AZ (see Ref.10). 

5. The integration in Eq.(11) was carried out numerically on an M-20 computer. 
Each of the integrals in (11) is complex. For n= 0, the real parts of the inte- 
grals Re(/) proved to be of the same order of magnitude as the imaginary parts 
Im(/). For n= 1 and 2, Re(J)<Im(/). After addition of all the integrals of 
the form (11) that enter into each of the |U,, — U;.\? terms in (3), we found that 
[x Re Z)P/[X Im()? < 1%. 

6. The results of our calculations are presented in Tables 1 and 2. For con- 
venience of comparison with the results of Massey & Burhop!l and Asaad!3 the tran- 
sition probabilities are expressed in atomic units. Also shown in Tables 1 and 2 
are the results of calculations in the non-relativistic approximation for Z ~ 80. 

In Table 3 the calculated intensities of the K-LL lines are compared with the 
results of recent measurements. From the results of the calculations it follows 
that the total probability for K - LL transitions, computed with the aid of rela- 
tivistic wave functions, is more than double the corresponding non-relativistic 
value. The greatest increase is that of the probability for K - LjL} and K - Ly)L9 
Auger transitions. Although the probability of an Auger transition involving only 
p-electrons is virtually unchanged as a result of taking into account relativistic 
effects, the comparative importance of K - Lolo, K - Lolg and K - L3L3 transitions 
is significantly reduced. This fully agrees with the experimental results. Com- 
paring our data and the results of Asaadl3 with experiment (see Table 2 in Ref. 
10) we see that the experimental (K - LyLg)/(K - LyLy) and (K - LyL3)/({K - L1L}) 
ratios are somewhat closer to the results of our calculations, whereas the other 
three ratios are closer to the values of Asaad. On the other hand, although the 
(K - LyLg)/(K - LyL))/(L = LyLy) and (K - LyL3)/(K - LjL)) ratios as measured by 
Nall, Baird & Haynes23 are closer to the values of Asaad, their (K - LoL3)/(K - 

- LjL}) ratio is closer to our data. The theoretical (K - LaLa) /(K - LyLj) ratio 
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Table 1 

PeBDass On probabilities for the K - LL Auger electrons 

per 10° atomic time units, calculated on the basis of 
different assumptions 


Nonrelativistic 
calculations 


Cale. in relativis- 
tic approximation 


Line Z= 79 |Z - 80 |Z=79 |Z<80 
TP H HF | H 
Ref.4 |Ref.13 |Ref. 11 Rf. 1Sjour calc. 
Vee, 2,02 2,04 | 1,74] 9,01] 40,42 
eae I ee 7°40 7.16 |18.73| 20.321 26.36 
KaTeLT OS 19.25 | 17,58 | — |19°86] 419/44 
TLE 99.972 W226,78).1) 20 149.49}. 55.80 


Note: The transition probability per second can be found by multiplying 
the figures in the table by 4.134-1013, The width in electronvolts can 
be obtained from the tabulated figures by multiplying by 27.2°1073, 

Symbols indicating the method used to take screening into account: 
HF - hydrogen-like functions with replacement of Z by Z - 0, where o is 
the Slater screening constant; T-F or T-F-D - Thomas-Fermi or Thomas- 
Fermi-Dirac statistical potential; H - Hartree self-consistent field. 
The same designations are used in Tables 2 and 3. 


Table 2 
Comparison of the transition probabilities to different states 
of the continuum (x=%xo) per 103 atomic time units, calculated 
on the basis of different assumptions 


2 18 aldad 2 dio and 

Final |° a 1 eS pane | Final ae {O18 

ESS state Hed] ns aes state ase Lae wily 

Saale eas sels dl eg 

1 STAG ea 1,74 | 9701|10,12 || K — L.L,| x = —4 = 0,78 | 0,56 

K — fib, i — 0,62 0,05 0,39 K — L2L3 x= —3 = Ug 2D ORze 

x=41 | 8190 | 12,914] 16,79 yn) ee anne 

SOU = Diy) ORR |G ae hs ey — 5,69 6,26 

ad pa yy et 0,04 0,04 DK — Lebs = 13,18 NB cal 

“= +4 0,10 | 0,14} 0,17|| K — L3L3} x =—3 — 4,20 | 4,20 

Ka, 9o14 1 7 ASHES: 97 x=—1 —_ 0,90 | 0,75 

De = lie) O2a! TE \| ANS ie, — 0,80 | 0,63 
XK — Lsh3 


—- | 5,90 | 5,58 


Experimental measurement of this ratio is difficult owing 


is in any case <0.1. 
i It 


to the fact that the K - LogLeg line is the weakest line of the K - LL group. 
will be evident from Table 3 that different authors report strongly divergent 
values for the relative intensity of this line. 

7, Using the experimental [(K - LX) + ( - XY)] /(K - LL) ratio (Ref.10 and 
the data of Table 1), we find that the width of the Auger K level for a Z = 81 
atom is [,= 2.52 ev. The radiation width [,, for Z = 81 can be found by increas- 


ing Asaad'sl3 z = 80 value for the K 
ic units) by (81/80) 4 and recalling 


->Lyy,Lyrz transition probability (1713 atom- 
that for x-ray transitions [K—(MNO)] /(K—L) = 
Consequently, the K fluorescence yield 


= 1.29 (Ref.24). 
+ 0.005 (Ref.24). 


This gives I’, = 63.2 ev. 
0.962. 


The average experimental value for Z= 81 is ox= 0.955 + 
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Table 3 


Comparison of the calculated and experimental relative intensities 
of K - LL Auger lines for heavy elements 


Bxperiment 


Line 


K —LI,Ly|. 1,00 |1,0/1,00| 1,00 [4,0 1,0 1,0 |1,00 1,00 
Ke Lils| 48 15,911 44a 1.700 10 1,4+£0,25]1,6 [1,32 £0,10/1,86 £0, 10 
KSTaa ane 338 15310982 SOO emit 0.9 +0,2 |0,9 10,85 +0,06/0,65 +0, 08 
K—L,L,| 0,25 | — |0,09| 0,06 |0,1040,05/0,2+0,4 |0,15/0,40+0,03]),11 +0,04 
Kets Lobel broiim| —. |1446lind, cla 0 1,4£0,2511,5 |1,28+0,08|1,14 -+0,07 
Rie Tal). 3.05 sl = 10,66) , 0595 10,95 0.8+0,2 {0,7 |0,76+0,05}),40 +9,05 


*Average values from several experimental investigations prior to 1960. 


8. In order to compare the predictions of theory with the experimental results 
for Z > 90, we must have accurate calculations in this region as well. In addi- 
tion, we also need precise calculations for Z ~60, so that in this Z region we 
may distinguish relativistic effects from those having to do with the intermediate 
coupling approximation, which may be noticeable in this region. We are undertaking 
such calculations. 

The present investigation was proposed by L.A.Sliv and partially carried out 
in the Physical-Technical Institute. The computer programing and numerical inte- 
gration were performed by O.K.Daugavet and E.F.Ozerova, to whom the author is deep- 
ly indebted. The author would also like to thank B.S.Dzhelepov for his interest 
in the work. 
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INVESTIGATION OF THE DECAY SCHEME OF Gd1l47 
- A.A.Sorokin & K.P.Mitrofanov 


Introduction 


The decay of neutron-deficient Gd147 (T = 35 hr) has been studied by a num- 
ber of investigators. 

Bashilov's group! »2 used a Ketron type spectrometer with a resolution of 
0.5% to investigate photoelectrons and conversion electrons from the gadolinium 
fraction of neutron-deficient rare earth isotopes obtained by spallation of tanta- 
lum. On the basis of the decay period there were identified a number of y-transi- 
tions following decay of Gd!47 to Eul47, and there were determined the conversion 
coefficients and multipole orders of some of these transitions. Dzhelepov et al 
used a twin B-spectrometer to investigate e-e coincidences and established that 
the 229 and 396 kev y-rays are in cascade. The results of Shirley, Smith & Ras- 
mussen4 are generally in agreement with the data of Refs.1-3. 

On the basis of the data available at that time there was proposed in Ref.1l 
the tentative decay scheme for Gdl47 shown in Fig.1. The existence of the 229 
and 625 kev levels in Eul47 was reliably established. The other levels were intro- 
duced on the basis of energy and intensity 
balance considerations, and their locations 
fu as hr can be justified only by recourse to other 

oe methods, in particular, to the method of co- 
incidences. 
Finally, Berlovich et al> showed that the 
625 kev state is metastable. The lifetime of 
this state, measured by the method of phere > 
coincidences, proved to be (7.2 + 0.3)°107 
~ yy sec, 

In the present work we investigated the 
decay of Gd147 py means of a coincidence scin- 
tillation spectrometer and a BML type two-lens 
magnetic B-spectrometer. The Gd147 was present 
in the gadolinium fraction of the neutron- 
deficient rare earth isotope obtained by pro- 
ton bombardment of tantalum. The measurements 
were usually started some 10-20 hours after 
the end of bombardment. 


Fig.1. Level diagram of Eul47, Conversion Electron Spectrum 
proposed in Ref.1. 

The section of the conversion electron 
spectrum in the range above 1 Mev, obtained on the BML spectrometer, is shown in 
Fig.2. In addition to the conversion lines of the 1070, 1130 and 1330 kev transi- 
tions, observed by the Bashilov groupl, there are discernible lines corresponding 
to transitions of 1580, 1675 and 1810 kev energy. Their intensity fell off with 
a period close to 35 hours, which justifies attributing them to Gdl47, In view 
of the rise of the counting rate above the background in the 1400 to 1500 kev re- 
gion, it may be inferred that there are weak transitions in this region. In the 
region of lower energies, in addition to the transitions reported in Ref.1, we de- 
tected a transition of 310 kev energy, which was mentioned by Shirley et al#. In 


other respects, our data are in good agreement with the results of Ref.1 (allowing 
for the poorer resolution of our spectrometer). 


- 811 - 


A, 1330 
i} 1580 
Sete! | 
x10 
1070 t i 
1 30 : 
2 | L 
} dod ‘ ae ik 
d | 
o) r\, 
f A 0 Shona J 
9 ° 
e } igo ) 
0 ° 


f 

Fig.2. Conversion electron spectrum in the >}1 Mev region. The horizontal scale 

is laid off in values of the current in the spectrometer coil in arbitrary units. 
The figures at the peaks indicate the y-ray energies in kev. 
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Fig.3. Gamma-ray spectrum of the Gd fraction. Lower curves — spectrum obtained 
with a source-to-crystal distance of 6 cm. Upper curves - sum spectrum. 
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Gamma-S pectrum 


The y-ray spectrum was measured on a scintillation spectrometer with a 4 x 4 
cm Nal(T1) crystal (half-width of the Csl137 660 kev line ~10%). As follows from 
the results of Bashilov et all, the y-spectrum of Gdl47 is very complicated, and 
many of the observed lines may actually be the result of superposition of several 
close lines. In addition, in the investigated activities there were present long- 
lived Gd and Eu isotopes, also emitting a complicated y-spectrun. Nevertheless, 
from such measurements one can derive some information on the relative intensities 
of a number of y-transitions, particularly in the high energy regions @900 kev). 
In recording the y-spectrum shown in Fig.3 there were detected (BET up to 
~2.3 Mev energy (lower curves). The data on the y-radiations from Gd obtained 
from analysis of the recorded y-spectrum are summarized in the accompanying table. 


Energies and intensities of the Gdl47 y-rays, and the K conversion 
coefficients of some of the transitions 


aoe N 
> = 2 : Multi- 
SB alce ‘oe etd wa plivetetal| ac katoi: 30g ene 
ef a) order ay KS order 
230 100 100 0,16* M1* 890 14 0,29 
370 23% 6,8 | 0,051* M1* 930 37 0,86 | 3,7-10-3| M1, #2 
395 43x | 45 | 0,15 M2* || 1070 14 | 0,05 |5,3-40-4| #1 
480 | (5,5) | 0,77/(0,02) | (M1) |] 4130 15 |0,06| 6-10-*| £4 
540 1330 2,2 | 0,006) 3,8-10-+| B14 
560 ~ 45 1470**| <0,05 
625 1580 ~1,3 
705** ~~6 1675 ~0,7 
770 40 1810 1,4 


*See Refs.l1 & 2. 
**Transitions brought out by graphic resolution of the y-spectrun. 


The uncertainty in determining the relative intensities of the y-transitions is 
appreciable (~30%), owing to the noted complexity of the spectrum and the contri- 
butions from longer lived isotopes. It must be noted, however, that the contribu- 
tions from longer lived impurities during the first 2-3 days after bombardment is 
Rerao Mes small inasmuch as the closest period is appreciable, namely, 10 days 
(Gd . 

In the spectrum shown in Fig.3 there were observed y-rays in the ~2 Mev re- 
gion belonging to neutron-deficient impurities with longer lives than Gdl47, The 
peak located to the left of the 230 kev line is presumably due to 115 and 150 kev 
y-rays from long-lived Gdl46 and Gal49, 

The upper curves in Fig.3 represent the spectrum obtained under the following 
conditions: the source was clamped between the crystals of the two counters which 
were connected to a linear summing circuit. The amplification factors of the two 
photomultipliers were equalized, and the pulses from the summing circuit were fed 
into a 100-channel analyzer. This arrangement resulted in increase in the inten- 
sity of the peaks corresponding to the energy sum of the cascade y-rays. The 

singles’ and "sum" spectra in Fig.3 have been matched to the 230 kev peak. In 
this case there resulted increase in the intensity of the 620, 1100, 1330, 1550 
and 1750 kev peaks. The increase in the height of the 1550 kev peak is particu- 


larly appreciable. On the other hand, the heights of the 770 and 900 kev peaks 
did not increase. The increase in the counting rate in the corresponding channels 


: 
| 
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is explained by the contribution from harder y-rays. 
It is interesting to note that the enumerated ener- 
gies (except 1330 kev) are close to the Eul47 level 
energies inferred in Ref.1. The results of the "sum" 
spectrum measurements were taken into account in 
further investigation of the y-y coincidence spectra. 
Using our data on the relative intensities of 
the 229, 932, 1070, 1130 and 1330 kev y-rays and the 
data of Ref.1 on the relative intensities of the con- 
version electron lines, we evaluated the K-shell con- 
version coefficients. The results of comparison of 
our experimental values of Ox with the theoretical 
values for El, Ml, E2 and E3 transitions are shown 
in Fig.4. Despite the great uncertainty in determin- 
ing the coefficients (60%), it may be concluded that 


4,5 23 3 
petas the 1070, 1130 and 1330 kev transitions are in all 


[Mg C2 


probability type El. The value of Qx for the 932 
‘ig.4. Comparison of the ex- kev transition lies between the theoretical values 
eerimental and theoretical® for Ml and E2, but if one takes into account the pos- 


ralues of Qy for the 932, Sible uncertainty one cannot fully exclude E3 either. 
070, 1130 and 1330 kev However, in view of the fact that K/L = 7.1 + 0.5 
sransitions. (Ref.1) it may be asserted that this transition is 


Ml, E2 or a mixture thereof, but not E3. 
Gamma-Gamma Coincidences 


In investigating the coincidence spectra we utilized the fact that the 625 
sev state in Eul47 is an isomeric one with an appreciable lifetime. Hence one can 
listinguish between "prompt" cascades and cascades going through the isomeric lev- 
11. To this end one must measure the "prompt" coincidences with a sufficiently 
short resolving time of the coincidence circuit Tee and the "delayed" coincidences 
vith a delay Tcc < Ty * Tis, where Tig is the lifetime of the isomeric state (in 
this case T;, 1 microsec). In our experiments the "prompt" coincidences were 
leasured with Tec = 7:1078 sec, and the "delayed" coincidences with Tec = 2°1077 
3eC. 

The spectra of “prompt” and "delayed'’ coincidences with the 230 kev y-rays 
ire shown in Figs.5 and 6. In the “prompt” coincidence spectrum there are evident 
yeaks due to y-rays of 310, 390, 540, 760, 890, 1130, 1330 and 1580 kev energy. 

In the "delayed" coincidence spectrum there are observed peaks at 370, 560 and 930 
cev (there were also obtained indications of weak y-rays in the 0.6-0.75 kev re- 
rion). In neither case is there any indication of coincidences with the hard 1070, 
.675 and 1810 kev y-rays. 

. The existence of a number of other cascades was established in ne ae eene ate 
yy the summing or "adding upon coincidence" technique described by Hoogenboom" and 
ised by us in an earlier investigation®. In the present experiment the sum ana- 
lyzer gate was set at 1560 kev. As was noted above, at this energy there appears 
in intense "sum" peak. Moreover, it could be assumed that at this energy setting 
the contribution from cascades with a larger energy sum would be small and would 
1ot distort the results. The results of these measurements are shown in Fig.7. 

't will be evident that there appear peaks at 230, 480, 630, 770, 930, 1070 and 
1330 kev, which can be interpreted as evidence of 230-1330, 480-1070, 630-930 and 
170-770 kev cascades. The existence of the first of these was established in the 
.easurements of the "prompt" coincidences with the 230 kev y-rays. One could ex- 
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Fig.5. Spectrum of "prompt" coincidences 
with the 230 kev y-rays. The insert at 
the right shows the peak from the 1580 
kev y-rays which did not fit into the 
range of the analyzer. 
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g-6. Spectrum of delayed coincidences with the 230 kev y-rays. 
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pect the appearance of the 630- 


ie 930 kev cascade in view of the 
v 230 ’ fact that the 930 kev transition 
is evinced in the spectrum of 


"delayed" coincidences and, 
consequently, feeds the 625 kev 
1s I 13.30 level. The low intensity of 
£80 | ch this cascade is explained by the 
0 fact that the intensity of the 
read ' cross-over 625 kev transition 
P 1060 J is low compared with that of the 
395-229 kev cascade transitions 
5 Al } . (0.1 according to Ref.1). The 
90 6 & x5 existence of the 480-1070 and 
| } elo td 770-770 kev cascades was sub- 
o stantiated by conventional coin- 
Fin fy al? g Y 9 cidence measurements. 
- LS . \ We also carried out measure- 
ey pty)? : ments of the lifetime of the 
y isomeric 625 kev state by the 
method of delayed coincidences 
and obtained a value of (8.0 + 
+ 0.6)°10-7 sec, which agrees 
within the limits of the experi- 
mental error with the lifetime 


20 20 60 a * 
“ “°* found by Berlovich et al, 


Fig.7. Spectrum of “summed” coincidences for 


Esum = 1560 kev. Decay Scheme of Gdl47 


, In constructing the decay scheme for Gal47 we used the results of our meesure- 
ments and the data of Refs.1 & 2 (hereinafter we use the transition energy values 
given in Refs.1 & 2). The proposed scheme is shown in Fig.8. 

Also, in constructing the decay scheme we assumed that no levels with energi- 
es greater than 1810 kev are excited in Eul47, for in measuring the "sum" spectrum 
(Fig.3) it was shown that the counts in the energy region >1810 kev are comnected 
with impurities with a period greater than that of Gal47, 

Earlier! it was shown - and our data wholly substantiates this - that the 
first excited state in Eul4? is located at 229 kev. The existence of the 625 kev 
state is also substantiated by the intense “prompt” 229-395 kev cascade. Inas- 
much as the 370 and 932 kev transitions are observed in the spectrum of "delayed" 
coincidences, it may be assumed that they feed the 625 kev level and depart, re- 
spectively, from levels at 995 and 1560 kev (we chose the value 1560 rather than 
1557 kev, inasmuch as in this case one can reconcile the energies of the compon- 
ents of the other cascades departing from this level). From the 995 kev level 
there apparently departs a 995 kev cross-over transition to the ground state and 
a 766 kev transition to the first excited level. This transition is evinced as 
the 760 kev peak in the "prompt" coincidence spectrum. 

From the 1560 kev level, according to the "summed" coincidence measurements, 
there depart the 1330-229, 1072-485, and 932-625 kev cascades and the cascade of 
two y-rays with energies close to 770 kev. It may be assumed that these are the 
778 and 787 kev y-rays listed in Ref.1. The presence of a 549 kev transition 
which, apparently, is in "prompt" coincidence with the 229 kev transition, gives 
reason to infer that this cascade goes through the 778 kev level. The relative 
location of the 1072 and 485 kev transitions will be considered below. 
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The existence of coincidences 
between the 229 and 1130 kev y-rays 
gives reason to introduce a level at 
1360 kev. The absence of coinciden- 
ces between the 229 kev y-rays and 
the 1675 and 1810 kev y-rays indi- 
cates that there must be levels with 
these energies. The existence of 
the 1810 kev level is also substanti- 
ated by the observed 229-1580 kev 
(3b. . 92) coincidences. The 890 kev peak in 

the spectrum of "prompt'’ coinciden- 
ces with the 230 kev gammas is ap- 
(99.%) parently due to y-rays of 896 kev 
Ip. energy (mentioned in Ref.1). There 
S are two possibilities for explaining 
- this cascade: 1) one can introduce 
a level at 1125 kev, from which there 
occurs only the 896 kev transition, 
or 2) one can assume that this tran- 
sition departs from the 1675 kev lev- 
el; feeding the 778 kev level, and 
that the coincidences are detected 
due to a 896-549-229 kev cascade. 
If the spectrum shown in Fig.5 is 
resolved, the intensities of the 890 
dsp and 540 kev peaks prove to be approx- 
imately equal, which is not in con- 
flict with this assumption (in gener- 
Fig.8. Eul47 level diagram proposed on the al, the 896 kev transition is, ap- 
basis of our experimental results and the parently, more intense than the 549 
data of Refs.1 & 2. kev transition, but the 778 kev lev- 
el is de-excited mainly by a cross- 
over transition to the ground state and the intensity balance is not disturbed). 
In order to choose between these possibilities one must have more accurate values 
for the y-ray intensities. In favor of the second possibility is the considera- 
tion that in choosing it there is no need to introduce an additional level into 
the decay scheme. In order to determine whether the intermediate level in the 
1072-485 kev cascade is located at 485 or 1072 kev, one must bear in mind the fol- 
lowing facts: 1) the 1560 kev level, as will be shown below, has odd parity, while 
the parity of the ground state is evenl, 2) the multipole order of the 1072 kev 
transition is El, 3) the 485 kev transition, according to Ref.1, is a dipole one 
(E or M). Inasmuch as the 1072-485 kev cascade connects levels of different pari- 
ty, while the 1072 kev transition does not involve change of parity, the 485 kev 
transition should not involve a parity change and must therefore be an Ml rather 
than an El type transition. Then if one takes the theoretical value of Ox one 
can, using the data of Ref.1, calculate the intensity of the 485 kev transition: 
Ty4g5 = 5.5 (taking Iyo29 = 100). This value is some 2-3 times lower than the in- 
tensity of the 1070 kev transition. Hence to maintain the balance of intensities 
it must be assumed that the intermediate level is located at 1072 kev. 

The levels introduced above allow of explaining most of the observed y-tran- 
sitions and the results of our y-y coincidence measurements. Some of the low in- 
tensity transitions observed in the work of Ref.1 cannot be fitted into the pro- 
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posed scheme; to accomodate them one must introduce additional levels. Their 

population, apparently, is not large, and consequently, they are not evinced in 
_the coincidence measurements. Our data do not conflict with the existence of the 

1480 and 1742 kev levels inferred in Ref.1l. Inclusion of these levels in the de- 


cay scheme allows of explaining almost all the observed y-t 
-~transitions exce f 
the very weak 696 and 909 kev transitions. ¢ xeepteton 


Spin and Parity Assignments 


We now turn to discussion of the spin and parity assignments for the levels. 
In Ref.1 it was hypothesized, in agreement with experiment, that the ground state 
and the 229 and 625 kev levels are single-particle states with configurations 
vee err respectively. The assignment made for the 995 kev level was 

The multipole order (El) of the 1072, 1130 and 1330 kev transitions requires 
that the parity of the 1072, 1360 and 1560 kev levels be odd. The possible spin 
values lie in the range from 3/2 to 7/2 for the 1072 kev level and from 5/2 to 
9/2 for the 1360 and 1560 kev levels. 

The multipole order of the 932 kev transition from the 1560 kev level to the 
625 kev (hi2) level is Ml or E2. Hence the possible spin assignments for the 1560 
kev level are 7/2 and 9/2. Inasmuch as the 485 kev transition to the 1072 kev lev- 
el is a dipole one, one must reject the value 3/2 from among the possible spin as- 
signments for the 1072 kev level. 

It follows from the balance of y-transition intensities that most 50%) of 
the E-captures go to the 1560 kev level and that the intensity of the EC transi- 
tions to the 625 kev level is very low. If one takes the value of 2300 kev for 
the disintegration energy of Gd14’ to Eul47 (the value given by Levy's formula’) , 
the log ft values for the EC decays to the 1560 and 625 kev levels prove to be 
~5.9 and 38, respectively. It may be assumed that the first transition is allow- 
ed, and that the second is more than first forbidden. The ground state of the 
spherical Gd147 nucleus (N = 83) according to the single-particle model, may be 
frjp OV% hoje Inasmuch as the transition to the 625 kev level is forbidden, the 
former configuration is more likely. The allowed character of the EC transition 
to the 1560 kev level is not in conflict with the above assignment for it. 

Calculations of log ft for the EC decays going to other states yield values 
in the range from 6.5 to 7.5, which precludes drawing any definite inferences re- 
garding the degree of their forbiddenness. The available experimental data are 
still inadequate for making assignments for the other levels of Eul47 and choos- 
ing between the possible spins of the nucleus in the 995, 1072, 1360 and 1560 kev 
states. 

As will be evident from the above, the results of the present work largely 
substantiate the decay scheme proposed in the work of Anton'eva, Bashilov et all, 
The refinements made herein pertain mainly to high-lying and relatively weakly 

populated levels. Some of the results, as was noted above, allow of two possible 
interpretations. There are a number of other facts which it is impossible to ex- 
plain on the basis of general considerations. For example, if one takes into ac- 
count the absence of cross-over transitions from the 1360 and 1560 kev levels to 
the ground state, one can restrict the spin assignments for these levels to 9/2, 
inasmuch as otherwise there could occur El transitions to the ground state. But 
if we consider the 1072 kev level, we find that for both possible assignments - 
5/2 and 7/2 - an El transition to the 229 kev level should be allowed. No such 
transition (843 kev) has been observed. Thus we are dealing either with some ex- 
ceptional type of forbiddenness (and then our arguments relative to the 1360 and 
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1560 kev levels become invalid) or the actual level diagram differs somewhat from | 
the proposed one. The availability of more precise y-transition intensity values 
would help obviate most of the difficulties. 

We desire our express our thanks to the personnel of the Joint Institute for 
Nuclear Research synchrocyclotron for irradiating the target and I.A.Yutlandov 
and V.A.Khalkin for the chemical separation of the gadolinium fraction. We are 
also grateful to V.S.Shpinel' for his interest in the work and helpful discussions. 
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INVESTIGATION OF THE DECAY SCHEME OF Gql49 
- A.A.Sorokin & K.P.Mitrofanov 


Introduction 


Decay of Gd149 has been investigated by two groups.1-3 It was established 
that Gdl49 converts by electron capture to Eul49 with a period of 10 days. Ac- 
cording to the data of Anton'eva et al2, there occur in Eul49 y-transitions with 
energies of 149.8 (M1), 272, 298 (M1 + E2), 346 (M2), 461, 497 (E3), 517 (M1, E2 
or Ml + E2), 535 (M1, E2 or Ml + E2) and 940 kev. Anton'eva et al also evaluated 
the relative total transition intensities and obtained 


T150: T9709: Toog: T346: 1497: 1517: 1535 = 1:~0.05:0.4:0.4:0.02: ~0.05: ~0.05. 


In the work of Shirley, Smith & Rasmussen! in addition to the above transi- 
tions, there were observed several other y-transitions, the attribution of which 
to Gd149 is doubtful. In the studies of Shirley et ait and Dzhelepov et al? there 
were observed coincidences between the 149.8 and 346 kev transitions; in the lat- 
ter investigation there were also recorded coincidences between the 149.8 and 272 
kev transitions. 

The existence of excited states in Eul49 with energies of 149.8 and 496 kev 
may be regarded as reliably established. For determination of the energies of the 
other excited states in Eul49 however, more detailed investigation of the y-y co- 
incidence spectra is necessary. 

Delayed coincidence measurements carried out by Berlovich et al? showed that 
the 496 kev state is a metastable one with a lifetime of (2.5 + 0.1)°107© sec. 

In the source used in the present work, as in the sources employed in Refs.1 
& 2, Gd149 was present in the gadolinium fraction of the rare earth isotopes form- 
ed by the spallation reaction on tantalum. The measurements were carried out on 


a coincidence y-spectrometer coupled to a 100-channel AI-100 type” pulse height 
‘analyzer. In addition, in order to check some of the cascades we carried out 


measurements of e-y coincidences on a coincidence set-up consisting of a two-lens 
magnetic B-spectrometer and a scintillation y-spectrometer®. The measurements 
were started 10 days after bombardment of the tantalum target, i.e., after virtu- 
ally complete decay of short-lived Gal47 (T = 35 hours). 


Measurements and Results 


The y-spectrum of the gadolinium fraction recorded 10 hours after bombard- 
ment is shown in Fig.l. In interpreting the experimental data it was necessary 
to bear in mind that in the source, in addition to Gdl49, there were present Gal46 
(T = 45 days), Gal51 (T = 120 days), Gd153 (T = 230 days) and the daughter iso- 
topes Eul46 (Tf = 5 days; in equilibrium with Gal46) , Eu (T = 25 days; daughter 
of Gdl47) and Bul49 (T = 100 days). As measurements carried out several months 
after bombardment showed, Gd2°51, Ga153 and Eul49 make a relatively minor contribu- 
tion (<10% compared to Gd146 and Eul46) to the radiation detected why the Eo 
lation spectrometer. The spectra and decay schemes of Eul47, Gd1 and Eu are 
relatively simple and well known2,6,7, The y-radiation contribution from these 


isotopes can be taken into account by appropriate control measurements. For pur- 


poses of comparison, in Fig.1 we also show the spectrum of the Gd fraction record- 
ed 5 months after bombardment (dashed line). From the presented data it may be 
concluded that the 150, 300 and 345 kev y~-rays belong maine y, to Gd (i.e., are 
associated with 149.8, 298 and 346 kev transitions in Eu ).. 
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As in our investigation® of Gal47, we used the iso- 
meric level for identifying the y-transitions feeding 


150 ea 497146 
this level. 
| Fig.2 shows the spectrum of "delayed" coincidences 
15 with the 150 kev y-rays. There is evinced a strong peak 
at 300 kev and a weak peak at 470 + 20 kev. Obviously, 
50d the 300 kev peak is due to the 298 kev transition; the 


470 kev peak to the 461 kev transition. The intensity 
of the 470 kev y-rays in this spectrum amounts to ~20% 
relative to the intensity of the 300 kev y-rays. 
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Fig.1. Gamma-ray spectra of the gadolinium fraction measured 10 days (solid line) 
and 5 months (dashed line) after bombardment of the Ta target. 


The "prompt" coincidence spectra with the 150 kev y-rays, measured under dif- 
ferent conditions, are shown in Figs.3 & 4. In Fig.3 there is evident a pronoun- 
ced peak at 345 kev and a weak peak at 270 kev. We carried out graphical resolu- 
tion of this spectrum and found that the intensity of the 270 kev y-rays amounts 
to 13.4% the intensity of the 345 kev y-rays in coincidence with the 150 kev y7- 
rays. In the spectrum of Fig.4, obtained with lower amplification, in addition 
to the above mentioned peaks, there are evident peaks at 520, 640, 790 and 930 


kev. These measurements were repeated by the method of e-y coincidences. In 


AD a a eee gr 
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Fig.2. Spectrum of "delayed" coinci- 


Fig.3. Spectrum of "prompt" coinci- 
dences with the 150 kev y-rays. 


dences with the 150 kev y-rays. 


Fig.3. 
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_Fig.5. Spectrum of coinci- 

- dences with the K conversion 
electrons of the 272 kev 
transition. Insert - sec- 

- tion of the conversion elec- 
Z tron spectrun. 


‘Fig.4. Spectrum of "prompt" coincidences with 
the 150 kev y-rays with a lower amplification 
in the analyzer channel than in the case of 
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this case the B-spectrometer 
was set on the K or L conver- 
sion line of the 150 kev y-rays. 
The higher resolution @3 %) of 
the B-spectrometer makes pos- 
Sible better discrimination of 
the 121 and 198 kev y-rays from 
Eul47 and elimination of the 
contribution from the 121—676 
and 198—600 kev cascades as 
well as the 630—740 kev cas- 
cade in Eul46, In this case 
the 640 and 930 kev peaks dis- 
appeared from the spectrum. 
Thus it may be assumed that 
only the following y-transitions 
are in coincidence with the 
149.8 kev y-transition: 272, 
346, 517 (and, possibly, 535), 
and 790 kev. 
00000 a 509, Using the e-y coincidence 
set-up, we also measured the 
spectrum of coincidences with 
the K conversion electrons of 
the 272 kev transition (Fig.5). 
There is evinced in this spec- 
trum a pronounced peak at 520 
kev and a weak peak in the region of 670 kev; 
this last remained in evidence even after making 
corrections for possible interfering cascades and 
chance coincidences. We also carried out inverse 
measurements on the y-y coincidence spectrometer, 
i.e., recorded coincidences with the gate of the 
single channel analyzer in the control channel 
set at 670 kev. In this case, in addition to the 
expected peak at 120 kev (due to Eul47), there was 
observed a peak at 270 kev. Inasmuch as according 
to the data in the literature there is no such 
cascade in Eul47, Gal46 or Eul46, we feel safe in 
attributing the 272—670 kev cascade to Eul49, 
Measurements of the lifetime of the 496 kev 
isomeric state yielded a value of (3.3 t 0.4) +1076 
sec, which is in fairly good agreement with the 
data of Berlovich et alt. 


0) 
Channel No. 


Decay Scheme of Gal49 


The decay scheme for Gdl49 proposed on the 
basis of our data and the results of earlier in- 
vestigations is shown in Fig.6. The levels at 
150 and 496 kev, as noted above, were identified 
earlier and were clearly evinced in our measure- 
ments. From the results of the "delayed" coinci- 
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dence measurements it follows that the 298 
kev transition feeds the isomeric 496 kev 
level and hence departs from a level at 794 
kev. 

The fact that there occur coincidences 
between the 150 and 790 kev y-rays gave rea- 
son to introduce a level at 940 kev. Gamma- 
rays of this energy are observed in the spec- 
trum of Gal49, Apparently, this is a cross- 
over transition to the ground state. 

The 461 kev transition must feed either 
the 496 kev or the 794 kev level. In the pro- 
posed decay scheme we show the more probable 
variant in view of energy considerations, i.e., 
we have located this transition above the 496 
kev level. 

In the work of Refs.2 & 3 it was assumed 
that the 272 kev transition feeds the 150 kev 
level and, accordingly, departs from a level 

Fig.6. Decay scheme for Gal49, at 422 kev. In this variant, between the 422 
kev level, on the one hand, and the 940 and 
957 kev levels, on the other hand, there can be inserted y-transitions of 517 and 
535 kev energy. Careful measurements after calibration of the spectrometer by 
means of annihilation radiation showed, however, that the 150 kev y-rays yield 
coincidences only with the 517 kev transition, rather than with 517 + 535 kev. 

Moreover, in this variant (i.e., on the assumption that there is a level at 
422 kev) it is difficult to explain the presence of the 272—670 kev cascade. Ac- 
cordingly, in constructing the decay scheme we assumed that there is a level of 
667 kev energy fed by the 272 kev transition and depopulated by 517 and 667 kev 
transitions. Evaluation of the relative intensities of these transitions in the 
spectrum of Fig.5 yields Igg7:1I517 ~ 0.3. 


g 7/2 


a 5/2 0 


Spin and Parity Assignments 


It was shown by Anton'ev et al? that the experimental data can be satisfac- 
torily explained if the ground state and the 150 and 490 kev levels are identified 
as single-particle levels with configurations d;,, g,, and hu, , respectively. Fur- 
ther, inasmuch as the 298 kev transition is Ml + E2 (Ref.2), the 794 kev level 
must have spin and parity 9/2- or 11/2-. 

The most populated states in Eul49 | after the 150 kev level, are the states 
with energies of 496 and 794 kev. The intensities of the 298 and 346 kev transi- 
tions are equal to within ~10%. This means that the 496 kev level is populated 
mainly by the 298 kev transitions, while B-decay to this level is, apparently, 
strongly forbidden, compared with decay to the 794 kev level. Consequently, of 
the two possible single-particle model assignments for the ground state of Gda149 
- fy,, or hy, - one must reject the latter, inasmuch as otherwise B-decay to the 
496 kev level would be allowed (AI = 1, no). If the ground state of Gdt?9 is 

f,, then the only possible assignment for the 794 kev level is 9/2-. 

Using the data of Ref.2 on the conversion electron spectrum of Gdl49 and the 
relative intensities of the 461 and 272 kev y-transitions obtained in the present 
investigation (Figs.2 & 3), we evaluated the K-shell conversion coefficients for 
these transitions. We assume that these transitions are located in the decay 
scheme as shown in Fig.6. We obtained the following values: Oxagi & 3.5°1073 and 
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Axes ~ 10 1 (uncertainty ~40%). It follows from comparison with the theoretical 
conversion coefficient values given by Sliv & Band9 that the multipole order of 
the 461 kev transition is El and that of the 272 kev transition is Ml or E2. In 
view of the large value of the K/L ratio it may be inferred that the multipole 
order of the 272 kev transition is Ml or Ml + E2. 

It follows from these results that the assignment for the 957 kev level may 
be 9/24, 11/2+ or 13/2+, and that the 667 and 940 kev levels must have even parity. 
If the ground state of Gdl49 is 7, as inferred above, the only possible assign- 
ment for the 957 kev level is 9/2+, and the spin of the 940 kev level must lie in 
the range from 5/2 to 9/2; otherwise these levels would not be excited with any 
appreciable intensity. 
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for Nuclear Research synchrocyclotron for bombardment of the tantalum target and 
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INVESTIGATION OF NEUTRON-DEFICIENT Tb ISOTOPES 
- A.T,Strigachev, L.S.Novikov, A.A.Sorokin, V.A. 
Khalkin, N.V.Tsvetkova & V.S.Shpinel' 


In the present work we investigated the spectra of neutron-deficient Tb iso- 
topes on a Danysz type spectrograph and a transverse magnetic field B-spectrometer 
(BPP). In addition, we studied y-y coincidences on a scintillation spectrometer 
in order to identify y-cascades in the decays.1 


1. Source 


The investigated activity was the terbium fraction of the rare earths formed 
in a tantalum target bombarded for ~2 hours with 660 Mev protons in the Joint In- 
stitute for Nuclear Research synchrocyclotron. Radiochemical separation of the 
rare earths was started immediately after bombardment. 

The sources were prepared by burning out the lactate in which the fraction 
was dissolved, solution of the residue in 5% acetic acid and evaporation of the 
drops on an aluminum foil 5 pw thick. 


2. Investigation of the conversion Electron Spectra 


on the Danysz Type Spectrometer 


These measurements were carried out on the 180° focusing, constant magnetic 
field Danysz type spectrometer of the Joint Institute for Nuclear Research. The 
radius of this spectrometer can be varied in the range from 6.5 cm to 22.5 cm. 
With a source measuring 0.2-0.3 mm x 10-15 mm the instrument yields a resolution 
of 0.3% for the 8 cm radius setting and 0.2% for the 20 cm setting. The conver- 
sion electron spectra were recorded on thick emulsion type R plates (emulsion 
thickness 50 pn, plate dimensions 16 x 344 mm) supplied by the Moscow Technical 
Photoplate Plant. 

The exposure of the first plate was started approximately 4-5 hours after 
the end of bombardment of the Ta target; the exposure time was about 24 hours. 
Subsequent plates were exposed for periods of 2 to 3 days. There were recorded 
conversion electrons with energies up to 650 kev. The plates with strong blacken- 
ing at the locations of the intense conversion lines were photometered on an MF-2 
microdensitometer. 

For determining the conversion electron energies the spectrometer was cali- 
brated beforehand with reference to the well known F, G, H, I and J lines of ac- 
tive Th deposit. 

The results of the measurements on the Danysz spectrometer are shown in Fig. 
1. The indicated line energies comprise an uncertainty of 0.2%. 

The conversion lines corresponding to 165.1 and 351.9 kev y-transitions ap- 
peared in the first plate, but were not discernible in the second plate, exposure 
of which started some 24 hours later. According to the data of Toth & Rasmussen2, 
these y-transitions pertain to the decay of Tb149 with a period of 4.1 hours. The 
same thing applies to the 137.32 kev conversion line which is associated with a 
187.6 kev transition. 

All the observed y-transitions that pertain to the decay of Tbl53, Tp154 ana 
Tb155 and the y-transitions with energies of 108.3, 180.1, 192.1, 251,3 and 287.3 
kev, which are evinced in the decay of Tb151, were identified by Michelich et al3. 

In investigating a terbium fraction obtained in the same manner as our frac- 
tion, Anton'eva et al4 observed a number of other y-transitions with a period of 
18 hours. Anton'eva et al attributed these transitions to decay of an activity 
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Table 1 
Conversion electron lines appearing in the spectrum of the terbium fraction 
ee ee oe ee ee 
E,-, Bray E & e E E E & su 
j Y? “4 = : Bey» 
kev |Hinel yey kev a © Hye ime S me 4 
<q Be iS 
115,05. | K 293,55 | K 
1572 2Aed— ot, 165,41 | 170 [2] | Tb |] 336,40 | ZL 344,0 | 344,4[5]| Tb 
163,42 | M 
437,32 | K | 187,6 Tb || 381,28 | K | 431,5 | 434 [4] | This 
301,33 | K : 64,4 
S44 13 ia 301 ,9 300 [2] | Tb*49 soe S | 614,7 616 [4] | Tb152 
58,44 | K SEAR WP 
99,94 | Ly 34,28 | L 
100;38 | Z_ | 108,3 |408,3[3]} Tbe|| 34’93 | ze | 42,4 | 44,5[3] | TbYs 
401,03 | Ls 40,54 | M 
407,01 | M 
60,14 | K 
430,32 | K 101,86 | L 110,0 |109,8[3]} Tbs 
174,91 | L 180,41 |180,3[3] | Tb |] 108,41 | mM 
178,29 | M 
| 
124,57 | K | 474,8 |174,4(3]| Tb 
142,05 | K 
183° 24 | 4 | 192,41 |192,2[3]| Tb 
145,05 | K | 195,38 |195,2[3]| Tb 
201,22 | K 
243,38 | L | 254,3 |252,4[3]| Tb i 
249,73 | M 162,17 
g04'20 | £ | 242.2 /212,2[3]) Tb 
237,06 | K 
978, 58 (PL 287,3 |287,6[3]| Tb™|/ 199,50 | K | 249,7 |249,8[3]| Tb 
286,56 | M 
TST 
365,26 | K | 415,5 | 416 [4] 415,50 | L 123,4 |123,2[3]| Tb 
121,75 | M 
375,79 | K | 426,0 | sou | 197,22 | K | 247, 5 248,13) Te 
151 
392,30 | K | 442.5 | fee Mela hPa Virog7 igt ee || <347%8 7.018 Tp' 
‘ 151 
428,10 | K | 478,3 477 [4] | Tb ae i 87,2 | 85,703 | Tplss 
wee. db ee ee eee ’ 
151 { 
536,50 | K | 586,7 | 589 [4] | Tb 55,49 | K | 105,7 |105,4[3]| Tb 
peat cwld card thet checia bate | 
220,46 K 152 
261/86 | D | ge | cea 7 113,39 | K | 163,6 |163,5[3]| Tbs 
t 
110,65* | ? 


133,21 % | ? 


*Line not identified. 
Note: The numbers in brackets are References. 
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Table 2 
Comparison of the conversion electron spectra of the dysprosium 
and terbium fractions 


Dy | Tb 
Intensity a 
Ee \tine| =v |Assign (visual eval.) _ Gaia Es oa peo 1 
keV keV keV keV t 
ment Plate 1]Plate 2 men 
128,30 | K? | 178,5 | Tb'82> | Weak = \ 30.324, K | 180,11 Tb 
129'81 | kK | 190'0| Ths |Médium | Strong| s 19+? - 
471,89 | L | 180,0| Tbs = Weak ATAZ91G I eL 130 pb 
920.44 | K | 270,3| Tb |Medium | Very 290), ABil cB nett 200) cf tambien 
i : weak 
25 } K | 343,8]. Tb |Stron Medium] 293,55 | K | 344,0| Tb 
nee Jp W343 Brie pe Rear Weak 336,40 | L | 344,0| Tb 
380,89 | K | 431,2| Tb | Weak = 381,28 | K | 431,5) Tb 
564,60 | K | 614,8| Tb |Medium | Very 564,44 | K | 614,7| Tb 
weak 


« Very strong line. 


consisting of a mixture of Tb151 and Tpb154; at that time nothing was known re- 
garding Tb152, 

In order to identify some of the conversion lines in the terbium fraction 
spectrum, we investigated the conversion electron spectrum, in the 100 to 650 kev 
range, of the dysprosium fraction from the Ta spallation products. In this spec- 
trum there should be present, in addition to the lines of Dy, lines that corre- 
spond to the decay of its daughter isotopes: Tb152 (Ref.5), Tb153 and Tb155 with 
half-lives ot 18.5 hours, 62 hours and 5.5 days. Lines associated with the decay 
of Tb151 should not be evinced inasmuch as Dyl5l has a half-life measured in min- 
utes; hence even prior to separation of the rare earths virtually all the Dy151 
present should convert to Tpl51, Lines associated with the decay of Tb154 aiso 
should not be evinced in this spectrum inasmuch as Dyi54 transforms by Q-decay 
to Gal50, 

The results of comparison of the conversion electron spectra of the dyspro- 
sium and terbium fractions are shown in Table 2. 

Two consecutive plates were exposed, each for about 24 hours, with the Dy 
source in the spectrograph. Rough visual evaluations of the intensities of these 
conversion lines are given in Table 2. 

It is evident from an examination of the table that the 270.4, 344.0, 431.5 
and 614.7 kev y-transitions observed in the spectrum of the terbium fraction must 
be assigned to the decay of Tbl52, This isotope is also apparently responsible 
for the y-transition of 178.5 kev energy, which gives rise to the weak conversion 
line at 128.30 kev. Toth et ald, as a result of measurements carried out with a 
scintillation spectrometer and permanent magnet electron spectrographs assigned 
the observed 180, 265 and 344.1 kev y-transitions to the decay of Tp1l52, 


The y-transitions with energies of 442.5, 478.3 and 586.7 kev must be attri- 
buted to the decay of Tb151 (see Section 5 below). 


3. Investigation of the Conversion Electron Spectra on 
te GE eee ae PEC LES On 


the Transverse Magnetic Field B-Spectrometer 


More detailed investigations of the conversion electron spectrum of the ter- 
bium fraction were carried out in the transverse magnetic field w/2 double-focusing 
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B-spectrometer with a mean radius ry) = 22.5 cm. The instrument resolution with 
a 1 x 30 mm source is 0.3%. The electrons were detected by means of gas filled 
Geiger counters with a 100 v plateau (5% slope). 

In view of the fact that the principal aim of the present study was to in- 
vestigate Tb isotopes with periods of 17-20 hours and less, only 150 to 250 kev 
sections of the conversion spectrum could be investigated with one source. In 
all we carried out five series of measurements with five different sources. 

In the first series of measurements we investigated the spectrum in the 90 
to 230 kev range, in the second series, we covered the 210 to 440 kev range, in 
the third series, the 390 to 650 kev range; the fourth series of measurements was 
carried out for the purpose of obtaining more accurate energy values for some of 
the conversion electron lines and for investigating the lines the intensity of 
which fell off with a period of 3-5 hours. All four series of measurements were 
carried out with sources separated from a tantalum target bombarded for 1.5-2 
hours in the synchrocyclotron. In the spectra obtained with these sources the 
lines associated with 5-day Tbt55 ana 5-day Tb156 were considerably weaker than 
the conversion lines of the lighter isotopes. The fifth series of measurements 
was carried out with a source extracted from a tantalum target bombarded in the 
synchrocyclotron for 12 hours. In this case the radiochemical separation of the 
rare earth elements was performed 15 hours after bombardment. Measurement of the 
spectrum started 12 hours after the radiochemical separation. In view of the 
longer proton bombardment time in the case of this source, there appeared in the 
conversion spectrum a large number of lines belonging to 63-hour TbL53 , 5-day 
TbL55 and 5-day Tb1i56, In the fifth series of measurements we reinvestigated the 
conversion electron spectrum in the energy range from 130 to 650 kev and searched 
the 650 to 1500 kev region. Each section of the spectrum in all five series of 
measurements was recorded 3-4 times for the purpose of determining the decay 
periods. 

The results of our measurements on the transverse magnetic field B-spectro- 

. meter are given in Tables 3, 4&5. The instrument was calibrated in energy with 
reference to the 192.2, 252.1 and 287.6 kev lines on the assumption that the ener- 
gies for these lines given by Michelich et al3 are accurate. The y-transition 
energies are given as the average values deduced from the energies of the K, L 
and M lines. In cases where there are given the average values for the energies 
of the L and M lines, for obtaining the corresponding y-transition energy we ad- 
ded 7.86 and 1.51 kev, respectively. In a number of cases when owing to super- 
position of a number of lines the energy of the corresponding 7 rane ition dif- 
fered appreciably from the value obtained from the other conversion lines of the 
given transition, this energy value was not taken into account in determining Ey 
(such conversion lines are identified by an asterisk). 

The y-transition periods listed in Table 3 are average values for the periods 
obtained in measuring the decay of the corresponding K, L and M ae piaat re un- 
certainty in determining the decay periods of ie ane eae S4taan eres ites 
The conversion lines associated with the decay o ’ : 

i i f measurements. The decrease in intensity 
vestigated only in the fifth series o ra ona 
of these lines was not measured with adequate accuracy and hence the correspond 
ing periods are not given in Table 3. The relative intensities of the conversion 
lines were evaluated by measuring the areas under these lines in the spectrograms. 

i fact that the measurements were carried out with five different 
ae a ities were reduced to one series of measurements. In 
sources, Ree taRe a ket, otra csiaitiee of the conversion electrons and the intensity 
ee oi L lines of the listed y-transitions, taken as the average 


values based on all the measurement series. 
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Table 3 
Lines in the conversion electron spectrum of the terbium fraction 


recorded on the transverse magnetic field B-spectrometer 


; 5 Relat. | J 

Ee-, Li EY, Ey oy T1/,, T lraxr oe K/L Assi gn— 

keV ane keV keV hr hr sity ment 
114,5 K 164,7 

1558 Ti 164,2 | 164,4 4 4 120 fae 
£56:8 TIPLPISLSA® 16455 { 

162.8 M 164.3 164,4 | ~4 | 

| 

136,6 K 186,9 186,9 4,5 4,5 | 40 | | Tbi49 
302,,6 K 352-8 352,8 a 4 | 25 | | Tbs 
588,41 # 638,3 4 4 | 19 3.7 | Tpi0 
630.9 K | 538.chn ue 4 | 5,2 : 

129,4 ka 179,6 17 

170.7 Te 179.2 179,7 17 17 fete 
A7159 Bl L aN A786 

178.8 M 180,3 

141,40] K 104 Taam 19 109.) 151 
18374 is | 191.3 | 191,5 | 1S | 19 25 | Ss ela 
204 ,8 K 292,0 19 245 

243.8 iE 251,7 251k le-L20 19 45 55] erp 
250,4 M 251,9 ~20 

237,4 K 287,6 195 

970°6 Fa 9875 | 287 ,6 | ~19 | 19 37,5 08 | Tb 
345,4% ol OK 395,3 

3879 ; 305°8 | 395,6 | ~A9 | 19 | | Tbs! 
394.,6 K 444, 9 | 17,5 27 

436.8 | L lily. 6 phon tae 2® | 18.5 | 18 | Sok 79 | Tb 
430,4 K 480,7 21 

472'8 | z | 180°7 | 480,7 19 | 19 | is 7.0 | Tbis1 
537,6 K 587,8 18 25 4,0 

579,8 a 587,7 587,8 19 19 6,2 Tpis1 
586,3 M 587.8 20 

| 

716,3 | K | 766,5 | 766,5 17 | | | | Tpit 
224 ,0 K 2713 17,5 | 46 

263,6 Be 272.0 

264,3 i 272.3 271,9 17 17,5 28 1,6 | Th 
265,7 8 273,0 

269,4 M 271,0 17,5 
leh a a eRirig lel eer ema Momeni 
2948 K 345 ,0 17,5 160 

336 ,6 hi 344.5 344,8 17 17 65 2,5 | Thise 
345 1% M 346,6 16,5 eS 
i602 22] onuetee |, en0lezhas$s Ielebesert renee ae 
362,,2 K 442.5 47 

404,9 Hs, | 412.8 412,7 16,5 17 pe 3,4 | Tptse 


®Includes the L 149.0 line of Tb155, 


- 829 - 


Table 3 continued 


Ee- 5 E.,, E aes T1 Relat. lees g 
te L BL n ie a© Yay /2 |» av inten— K/L As fey lt en. 
keV hr ar sity ment 

383,14 K 433.3 é 18 38 ‘ 
425 4 L 433.3 | 4833 | 4747 18 6,7 | Dea 
566,7 K 616,9 17 83 ) 
608.9 - 616.8 | 616,9 17 17 10 8,3 | Thi 
615.5 M 617.0 17,5 

oe : Tape ates Ame ts 17 THis 
728,9 K 778,41 ama 152 
770.5 L 778i, 4 |1 189 hy fy att 
999,5 K 1049,7 A35 
1044.3 z 4049, 20 |91049,5 jee l7 ie 
198,3 K 248,5 | 248,5 Tb1s4 
367,3 RK 417.5 4,0 

409.7 L A SS a7 ou) Or Ommnlaneas 

378,2 K 482.5 20 

tee s ora Meee 19,5 19 repel ae 

Table 4 Identification (mass assignment) of the con- 


Unidentified lines and transi- version lines of the terbium fraction is greatly 
tions in the spectrum of the hampered by the fact that there are a number of 


terbium fraction neutron-deficient Tb isotopes with close periods: 

Tb149 (4,1 hours) and Tb150 (3,1 hours); Tb151 

Ee-s 2. Diao | Tye (20 hours), Tb152 (18.5 hours), and Tb154 (17.5 

key |Hine| Key keV hr hours); Tb155 (5 days) and Tb156 (5 days). Iden- 
tification is further complicated by the fact 

681,9 | K | 732,21 732,2 | ~20 that that a number of the isotopes have y-transi- 

956.3 | K 906.5| ~905.5 19 tions with close energies; for example: E, = 108.3 

396.6 | L | 904.5 kev - Tb151 and 109.8 kev - Tb153; 180.3 kev - 

g22,7 | K>? | 972,9| 972,9 | ~20 Tbi51, 180 kev_- Tb152 and 180.4 kev - Tb155; 


1062,2 | K? |1112,5| 1112,5 | ~20 252.1 kev - Tbt51, 249.8 kev - Tb153 and 248.1 
kev - Tb!54 (Refs.3 and 5). 
In making the isotopic assignments we took 

into account the data of Refs.2, 3 & 5, based on studies of separated isotopes, 
as well as the results of our y-y coincidence measurements (see Section 4). 

Moreover, in considering the decay schemes of Tb149, Tp151 and Tbh152 we at- 
tributed a number of y-transitions to one or another of these isotopes on the 
basis of consistency with the decay scheme. Thus, on the basis of energy balance 
considerations we assigned the 444.8, 480.7 and 587.6 kev transitions to the decay 
of Tb15l and the 433.3 and 616.9 kev transitions to the decay of Tb152, 

The transitions we were unable to identify are listed in Table 4; the intensi- 

fell off with a period of ~20 hours. 

iC eer arte list the y-transitions associated with the decay of Tp1ls3, 
Tb155 and Tbl56, which were identified in the work of Michelich, Harmatz & Hand- 
ley3. 
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Table 5 The following conversion lines were ob- 
Lines and transitions identified in served in the terbium fraction spectrum but 
the work of Michelich, were not identified: 143.7, 165.7, 180.6, 
Harmatz & Handley3 225.8, 247.5, 312.6, 459.4 and 477.8 kev. 
Scarnato Dies a Eas 
Ee- By) 2 Beet ens 4. Investigation of y-y Coincidences 
ereae Linetr =. fees 
keV keV keV ment 
In view of the great complexity of the 
ee y-spectrum of the terbium fraction it would 
he a ay Da seem well night impossible to arrive at a 
reliable interpretation of the results of 
‘ investigation of y-y coincidences by means 
ob r ats 21,9  \- Tb of scintillation spectrometers. As will be 
210,3 | M | 211,8 evident from what follows, however, we were 
actually able to draw a number of inferences 
199,14 | K se a rea Was on the basis of the y-y coincidence measure- 
eae i 510'0 i ments. These measurements were carried out 
on a twin scintillation spectrometer; the 
141,4 D 449 ,3 448.9 | Tplss coincidence spectra were recorded by means 
146,9 | M | 148,4 : of a 100-channel pulse height analyzer (type 
: AI-100). In the scanning channel we used a 
152,7 | E | 160,6 | 460,6 | Tbbe 30 mm diameter, 14 mm thick NaI(T1) crystal 
which yielded a half-width of 12% for the 
1647 AOL 162,6 | 162,6 | Tb Hg203 279 kev line. The NaI(T1) crystal in 
the control (fixed) channel was characteriz- 
132,8 | K 183,14 183,14 | Tb ed by somewhat poorer resolution. The co- 


incidence measurements were started 8 hours 
after bombardment. 


189,5 | K | 239,7 | 239,7 | Tbi® Owing to the complexity of the coinci- 
dence spectra, we were forced to carry out 
as ioe 960.5 | Thtss a number of different control measurements. 
260.4 M 261.9 4 For example, we repeated the measurements of 
coincidences with the 110 kev y-rays with a 
290,5 K 340,7 340.9 | Tptss 0.5 mm lead absorber in front of the crystal 
333,3 | L 341,41 in the control channel in order to allow for 
3181 K 368,3 ag Slane the coincidences due to the Compton distri- 
360,2 ‘a 368 ,0 ; bution from the higher energy photons. 
esa te Cen oe pee A. Coincidences with 640 kev gammas 
306,0 K | 356,2 356,2 | Tbt88 > In the singles y-spectrum there was ob- 
served a 640 kev line, the intensity of which 
Freee | joa. | pain | pies fell off rapidly with time. Presumably the 
’ : : isotope responsible for this line is either 


4 hour Tb!49 (Ref.2) or 3.1 hour Tb150 (Reg, 

6). The gate of the single channel analyzer 
in the control channel was set on this line and the coincidence spectrum investi- 
gated in the range to 700 kev. These measurements were repeated after a lapse of 
3.5 hours. In this case it was found that the intensity of the entire spectrum 
with the exception of a line at 510 kev, changed very little (~10%). The SHtenai= 
ty of the 510 kev line decreased by a factor of 2. From this it may be inferred 
that the 640 kev transition is in coincidence with the 510 kev transition. Inas- 
much as the 510 kev transition was not observed in the electron spectra, it may 
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ie of 60 80 100 
Channel No. 


Fig.1. Gamma spectrum of the terbium fraction measured 8 hours after bombardment. 
1, 2 & 3 = sections of the spectrum on which the gate of the fixed channel was 
set in measuring coincidences (Figs.2-4). 


N, 180 


20 40 50 80 Channel No. 


Fig.2. Spectrum of y-rays in coincidence with the 110 kev y-rays. 


be concluded that this line is due to annihilation radiation. 


B. Coincidences with 110 kev _gammas 


se line in the singles spectrum (Fig.1). 


-line is the most inten 
Eager the transitions that may be responsible 


According to the data in the literature, 
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20 40 60 60 Channel No. 


Fig.3. Spectrum of y-rays in coincidence with the y-rays in the 240 to 300 kev 


range. 
110 
Ne i 
y 
| | 
i 
340 
25 $ 
Oo\‘o 
° 
20 40 60 


60 
Channel No. 
Fig.4. Spectrum of y-rays in coincidence with the 290 kev y-rays. 


for this line include the 108.3 kev transition of Tb151, the 110.0 kev transition 
of Tb153 and the 105.7 kev transition of Tb155 (see Table 1). According to the 
conversion electron spectrum, the intensity of the 110.0 kev line amounts to ~10% 
the intensity of the 108.3 kev line, while the intensity of the 105.7 kev line is 
negligibly low. It may be assumed that approximately the same relative intensities 
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; 


ees. the y~spectrum and that, consequently, the principal contribution to 

e : ev peak is from the 108.3 kev transition of Tb151, in the coincidence 
spectrum (Fig. 2) there were observed peaks at 180, 250, 290 and 480 kev. There 
were also detected coincidences of low intensity in the 600 to 750 kev region 
The intensity of the coincidences decayed with time with a period of ~20 noire 
This ce indicates that the observed coincidences are associated with the decay 
of Tb (20 hours) rather than Tpb1l53 (2.3 days). Thus it may be assumed that 
the listed peaks are connected with 180.1, 251.3, 287.3 and 478.3 kev transitions 
in Gal51 | which are in cascade with the 108.3 kev transition. 


C. Coincidences with 250 and 290 kev gannas 


At first we measured coincidences with the y-rays in the 240 to 300 kev in- 
terval. In this spectrum there were observed peaks at 110, 180, 345 and 480 kev 
(Fig.3). No coincidences with y-rays in the 250 to 290 kev region were observed 
which indicates that the 251.3 and 287.3 kev y-transitions are not in cascade. : 
Then the analyzer gate in the control channel was narrowed to 270-300 kev. As a 
result the intensity of the 180 kev peak in the coincidence spectrum was dimin- 
ished. It may be concluded from this that the 180 kev peak observed with the wide 
gate was due to a 180.1—251.3 kev cascade. The other peaks in the spectrum (110, 
345, 480 and 600 kev) remained virtually unaltered (Fig.4). 


D. Coincidences with 345 kev gammas 


With the fixed channel gate set at 345 kev there were evinced peaks at 180 
and 270 kev. No coincidences with the 110 kev y-rays were detected. The peak at 
345 kev is due mainly to the 344.0 kev transition excited in the decay of 18.5- 
hour Tb152, There are no transitions of close energy in the decay of Tbl51; while 
ThL54 has a 347.0 kev transition, the amount of this isotope present in our ter- 

*bium fraction was very small. 

According to Toth et ald, transitions of 180 and 265 kev energy are excited 
in the decay of Tb!52, These transitions, according to our measurements, are in 
cascade with the 344.0 kev transition in Gd152, 


5. Discussion 


We shall discuss the results described above in order of increasing mass 
number. Except as otherwise noted the y-transition energies are taken from Table 
Le 

A = 149 


In investigating the conversion electron spectrum there were detected two 
-y-transitions with energies of 165.1 and 351.9 kev which are characterized by a 
decay period of 4 hours; these according to Toth & Rasmussen?, pertain to the de- 

cay of Tb149, In addition, there was observed a conversion line at 137.3 kev, 
the intensity of which fell off with the same period. If it is assumed that this 
is a K line, the energy of the corresponding transition is 187.5 kev. The sum of 
165.1 and 187.5 kev is close to 351.9 kev. Hence it may be inferred that the 
187.5 kev transition also belongs to Tb149, and together with the 165.1 kev tran- 
sition forms a cascade parallel to the 351.9 kev transition. 
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A = 150 


The 638.6 kev transition, detected in investigating the conversion electron 
spectrum (Table 3), according to the y-y coincidence data, yields coincidences 
with annihilation radiation and, apparently, no coincidences with any other 7- 
transitions. Inasmuch as according to Toth et al® the 640 kev y-rays belong to 
TpLo0 | it may be inferred that the 638.6 kev transition departs from the first 
excited level of Gd159, which is populated by positron decay of Tb150, 


A = 151 


Although we did not make quantitative measurements of the y-ray intensities 
in the spectrum of TpLS1 | it may be asserted that the most intense transition in 
Gal>l is the 108.3 kev transition to the ground state of Gd151l. 
The results of our y-y coincidences show that the 251.3 and 287.3 kev y- 
transitions yield coincidences with the 108.3 kev y-transition; there are no co- 
incidences between the 251.3 and 287.3 kev transitions. The intensity of the 180 
kev y-rays in coincidence with the 108.3 kev y-rays is lower than the total inten- 
sity of the 251.3 and 287.3 kev y-rays. Hence we infer that the 251.3 and 287.3 
kev transitions feed the 108.3 kev level, and accordingly depart from levels at 
359.6 and 395.6 kev, respectively. In the conversion electron spectrum there were 
observed the K and L conversion lines associated with a 395.6 kev transition; the 
intensity of these fell off with a period of ~19 hours. This enabled us to assign 
this transition to the decay of Tb151 and identify 

151 it as a cross-over transition to the ground state. 
It cannot be said with certainty whether the peak 
at 180 kev in the coincidence spectra (Figs.2 & 3) 
is due to the 180.1 kev or to the 192.1 kev transi- 
tion (or both), inasmuch as the uncertainty in 
determining the energy amounts to approximately +5 
kev. In our opinion, however, it is more probable 
that this peak is due to the 180.1 kev transition 
departing from a level at 575.7 kev to the 395.6 
kev level. 


ca”! The appearance of the peak at 480 kev in the 

of coincidence spectra reproduced in Figs.2 & 3 gives 
Fig.5. Proposed level dia- reason to infer that the 478.3 kev transition in- 
gram for Gal5l, ferred from the conversion electron spectra also 


belongs to the decay of Tb15l, 

A tentative diagram of the low-lying levels of Gdl51 excited in the decay of 
Tb151 is shown in Fig.5. The location of higher levels must await further inves- 
tigation; from the diagram shown in Fig.5, however, it may be concluded that in 
all probability the Gdl51 nucleus is still spherical rather than deformed, where- 
as the level diagram for Gd153 is characteristic of a strongly deformed nucleus. 


Avmw162 


In the conversion electron spectrum we observed lines corresponding to y- 
transitions with energies 270.4, 344.0, 412.7, 614.7 and 778.3 kev, all charac- 
terized by a decay period of ~20 hours. Transitions of like energies in Gqa152 
are excited in the decay of Eul52 ang Eul52m (Refs.7 & 8). Thus it may be as- 
sumed that these transitions are excited in the decay of Tb152 and are located 
in the level diagram as shown in Fig.6. In addition, we inferred the existence 
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of a level at 1049 kev in Gqid2, The introduction 
gb of this level makes it possible to accomodate the 

, 431.5, 705 and 1049 kev transitions, which are 
evinced in the conversion electron spectrum but 
which have not hitherto been identified. 

After completion of the major part of this in- 
vestigation we received the journal containing the 
work of Toth, Nielsen & Skielbreid?, devoted to in- 
vestigation of the poo of Tb152, ‘These authors 
established that in Gdl°2, in addition to the lev- 
els known from the decay of the Eul52 isomers, there 
are levels with energies of 929 and 1047 kev. The 
929 kev level was introduced on the basis of coinci- 
dences observed between the 585 and 344 kev y-rays 
and between the conversion electrons of the EO 615 
kev transition and the 344 kev y-rays. 

In our y-y coincidence measurements the 600 kev 
peak was clearly evinced when the analyzer gate was 
set at 110 and 290 kev, but was much weaker when 
the gate was set at 345 kev. The fact that the 585 
kev transition in Gd152 is not in cascade with the 
271 kev transition led us to attribute the 586.7 


eq’ kev y-transition evinced in the conversion electron 
64 spectrum to the decay of Tb151 rather than to the 

Fig.6. Proposed level dia- decay of Tb152, [It is possible, of course, that 7- 
gram for Gal52, transitions of approximately this energy occur in 


the decay of both these isotopes. 
A> 152 


In the conversion electron spectra there were also observed intense y-transi- 
tions excited in the decay of Tb153, Tb154 and Tb155 (see Tables 3 & 5). However, 
no new data on the decay of these isotopes were obtained in the present investi- 
gation. 

As will be evident from Table 4 and the above discussion, in the course of 
the investigation there were detected several unidentified conversion lines, the 
intensity of which fell with a period of ~19 hours. These are probably associa- 
ted with the decay of Tb151, Th152 or Th154, Qualitative analysis of the experi- 
mental results indicates that Tb154 was present in the investigated terbium frac- 
tion in an appreciably smaller amount than Tbl51 and Tbi52, Hence it may be hypo- 
thesized that these transitions occur in the decay of Tb151 and Tb152 and that the 
decay schemes of these isotopes are considerably more complicated than those shown 
in Figs.5 and 6. 

We desire to express our deep gratitude to the laboratory personnel of the 
Joint Institute for Nuclear Research for radiochemical separation of the terbium 
fraction and to I.A.Yutlandov and K.Ya.Gromov for assistance in carrying out the 


study. 
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POSITRON SPECTRA OF NEUTRON-DEFICIENT TERBIUM AND NEODYMIUM ISOTOPES 
- N.A.Bonch-Osmolovskaya, B.S.Dzhelepov, 0O.E.Kraft & Chou Yleh-wa 


The neutron-deficient Tb and Nd isotopes for the present study were obtained 
by the spallation of tantalum bombarded with 660 Mev protons in the Joint Insti- 
tute for Nuclear Research Synchrocyclotron. The bombardment periods were 15, 30 
45 min and 2 hours. The respective fractions were separated chroma tographically. 
The eluate drops were deposited on 5 thick 15 x 2 mm aluminum foils. The measure- 
ments, which were started 3-4 hours after bombardment and 15-30 min after separa- 
tion, were carried out on the triple focusing B-spectrometer described in Ref.1l. 


Terbium Fraction 


; Several positron spectra were observed in the activity of the terbium frac- 
‘tion. 


1. 2 =) (18) 2) hours 


The end-point energies of the components of this spectrum, as evaluated from 
the Kurie plots, proved to be 2800 + 100, 1800 + 150 and ~750 kev. There have 
been a number of descriptions of this spectrum in the literature2-4. Our values 
for the decay period and the end-point energies are in good agreement with the data 
of other authors. The mass number assignment for this spectrum may be regarded as 
reliable4-§:; it belongs to Tb152, 


2. T= (3.1 + 0.4) hours 


In addition to the 18-hour spectrum, we observed an intense Bt-spectrum which 
fell off with a period of 3.1 + 0.4 hours (Fig.1) (the initial counting rate at the 
peak was ~7000 coinc/min). 
* logn Analysis of the spectrum by 
C means of the Kurie plot showed 
that it consists of three compo- 
nents (Fig.2) with end-point 
energies 3600 + 100, 2800 + 150 
and 1500 + 100 kev and relative 
intensities 1: (0.52 + 0.10): 
wer; : (0.54 + 0.10), as evaluated for 
the Fermi components. 
There have been a number of 
references in the literature to 
a terbium fraction with a period 
of 3-4 hours. Rasmussen, Thomp- 
Fig.1. Decay in intensity of the 715 kev terbi- son & Ghiorso’ observed a terbium 
um Bt-spectra. Open circle points - experimen- activity with T = 4.1 hours in 
tal data; crosses - results of subtraction of sources obtained by bombarding 
the line for T = 18.2 hours. Gd with 32 to 200 Mev protons 
j and Eu with 60 Mev Q-particles. 
This activity was attributed to Th149 on the basis of mass spectroscopic data. 
These authors note that they did not detect any positrons. 
Rollier & Rasmussen” report that in measurements of the terbium fraction ob- 
tained by Q-particle bombardment of Eu they observed an Q-activity falling off with 
a period of 4 hours. No positrons were observed. 


500 1000 1500 2000 t, min 
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1500 E,keV 


1000 2000 3000 ~ E keV 


Fig.2. Kurie plot for the Tb150 6+-spectrum (3.1 + 0.4 hours). Solid points - 
experimental data; crosses and open circles - results of resolution into components 


In a more recent study Toth & Rasmussen® used a multiple channel analyzer to 
investigate the y-radiation from 4 hour terbium obtained by the Pr(C12,xn) reaction 
(Ec = 65 Mev). They observed a number of y-lines, but detected no noticeable an- 
nihilation peak. 

Zhelev et ald, in investigating a terbium fraction on the triple focusing B- 
spectrometer at Leningrad State University, observed a hard Bt-spectrum with T = 
= (3.5 + 0.1 hours). Inasmuch as their measurements were started 20 hours after 
bombardment, the B*-spectrum with T = 3.5 hours was appreciably weaker than the 
Bt-spectrum with T = 18 hours, so that these authors could investigate only the 
high energy part of the spectrum, where there is no contribution from the 18-hour 
component. The end-point energy of the Bt-spectrum was determined as 3720 + 60 kev 
According to the tables of Cameron & Levyl9, the Tb149 - cal49 mass difference is 
3000 kev on the average, whereas on the basis of the disintegration energy measure- 
ments it appeared to be 24700 kev. In view of this great divergence, Zhelev et al 
infer that this spectrum belongs to Tb150 or Tp148, the decay energies of which, 
according to the empirical formulasl9, should be 3700 and 5000 kev, respectively. 

Recently there appeared the work of Toth et alll in which the authors report 
on the discovery of a new terbium isotope: Tb159, ‘These authors bombarded a natu- 
ral mixture of Gd isotopes with 60 Mev protons. The new isotope was isolated by 
amass separator from the chemically purified terbium fraction. They give the 
half-life as 2.1 0.2 hr. At the same time there was observed the activity of 
4,1-hour Tb149, The authors investigated the y-spectra of Tb!49 and Tpl50, ang 
observed annihilation peaks in both spectra; in the case of Tb150 the annihilation 
peak was more pronounced. It must be noted that the mass separation of the frac- 
tion was not complete in this case, in contrast to the separation carried out for 
measuring the periods. 

The fact that positrons were not detected in the measurements of Refs.2, 7 
and 8, indicates that the Bt-spectrum of Tb!49 is of low intensity. Judging from 
its decay period (3.1 + 0.4 hr), the terbium isotope responsible for the Bt-spec- 
trum observed by us is probably Tb15° rather than Tb!49, If there were present 
in the measured B+-spectrum an appreciable number of positrons from Tpl49, we 
should have observed an increase in the period for measurements in the soft part 
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of the spectrum. This was not the case. 


the same value within the limits of the e 
vals. 


In all the measurements the period had 
xperimental error in all the energy inter- 


3. T = (66 + 10) min 


log N In the highest energy part 
of the terbium fraction spectrum 
in all the experiments we ob- 
served an activity with T = (66 + 
+10 min) (Fig 3). This spectrum 
is less intense than the Bt- 
: spectrum with T = 3.1 + 0.4 hr, 
5 and hence we could not separate 
it entirely from the integral 
§ spectrum by subtracting the Tb150 
and Tb152 positrons. We were 
1 able to separate with reasonable 
accuracy only the hardest compo- 
700 200 700 Z0tmin nent of the Bt-spectrum, the end- 
point energy of which proved to 
Fig.3. Decrease in intensity of the B*-spectrum be 4600 + 100 kev (Fig.4). As 
of Tbi48 (T = 66 min) at 3610 kev. will be evident from Fig.4, there 
is reason to infer that there may 
also be present a second component with end-point energy 2600 + 200 kev. 
Toth & Rasmussen® recently reported the discovery of a new terbium isotope, 
ThH48 | with a period of 70 min. They observed a weak annihilation peak. The Th148 
- Gal48 mass difference according to the empirical mass formulas is 5042 kev (Cam- 
eron) or 4956 kev (Riddel-Levy) , which is close to our value of >5600 kev. Hence 
i ee 148 
we feel safe in assigning the observed spectrum with T = 66 + 10 min to Tb ° 
na 
EpF 


500 1000 2000 3000 «4008 £, kev 


Fig.4. Kurie plot for the 6*-spectrum of Tbt48 with T = 66 + 10 min. The crosses 
give the result of subtracting the hard component of the B-spectrun. 


Neodymium Fraction 


In investigating the positron spectrum of the neodymium fraction we first 
detected the known B-spectrum of the chain 
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nq 40-323 Sopyl 40_325_min, , el40, 
e e pay 


The end-point energy of this spectrum as determined from the Kurie plot is 2285 + 
+ 100 kev. This value agrees with the data of other authors!2-14, This 6*t-spec- 
trum is rectilinear from the end-point to ~350 kev. 

In addition to the B*t-spectrum of the above decay chain, we also observed an 


intense Bt-spectrum of appreciably higher energy than the B*-spectrum of pr140, 
The decay curve obtained for the 


lag N sections outside the range of 
the Pr140 6+-spectrum (for a 
positron energy of 2720 kev - 
Fig.5) yielded T = 5.2 + 0.2 
hrs. 


30 


Observation of the decay 
in different parts of the spec- 
trum (at Eny = 402, 558, 971, 
1397 and 1836 kev) also showed 
that in addition to Nal40 + 
+ pr140, there was present in 


20 


ce 500 7000 7500 2000 2500 the source an activity decaying 
ime with a period of 5.2 + 0.2 hrs. 

Fig.5. Decay curve of neodymium for Ea+ = 2721 The 6t-spectrum proved to 
kev. be complex. It will be evident 


from the Kurie plot shown in 
Fig.6, that it comprises three components with end-point energies 3300 + 100, 
1000 + 100 and 460 + 60 kev, with relative intensities 1: (0.084 + 0.005): (0.024 + 
+ 0.001). The 460 kev component is very weak and we have only a few points in 
the Kurie plot for determining it; hence its existence may be regarded as question- 


able. 
ie 
Cpr 


Jr O 


500 7000 7500 2000 2500 3000 -E-kev 


Fig.6. Kurie plot for nal39, Crosses and trangles - results of resolution into 
components. 


Some years ago Stoverl® reported the existence of the decay chain: 


Na130 SF opr 39 25 591539, 
¥ ) 
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According to our earlier measurements and the data of other authors! »16 
the end-point energy of the positron spectrum of Prl39 is 1000 kev. If it is as- 
sumed that the second component of the Bt-spectrum with end-point energy 1000 kev 
observed by us for Nd139 belongs entirely to Pr139, we should have observed an in- 
crease in the intensity ratio Sp: so9/Sp+ss00 during the first 7 hours after separa- 
tion. Measurements carried out 3 and 8 hours after separation of the source show- 
ed, however, that the 5+ 109 /S5+ a9) Yatio remains constant within the limits of the 
experimental error. Hence the number of Pri39 positrons in the observed Bt-spec- 
trum is apparently very small and, consequently, one can attribute the component 
with 1000 kev end-point energy to Nal39, 

In addition to measurements of the positron spectra, we also investigated the 
conversion electron spectrum of the neodymium fraction. There were observed the 
conversion lines associated with two transitions: E, = 694 and E. = 1442 kev; the 
intensities of the lines fell off with T = 5.2 + 0.3 hr and T = 5.6 + 0.5 hr, re- 
spectively. 

Assuming that the observed conversion lines and 6*t-spectrum belong to Nal39, 
we evaluated the relative intensities of the B*-spectrum and of the conversion 
lines on the basis of the areas under the peaks and obtained e7/Bt = 1.14°1073 
for Ey = 692 kev and e"/B* = 2.3°107* for Ey = 1442 kev. 
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INVESTIGATION OF COULOMB EXCITATION OF NUCLEAR LEVELS BY MEANS 
OF MULTIPLY CHARGED IONS 
- D.S.Andreev, V.D.Vasil'ev, G.M.Gusinskii, K.1I.Erokhina & I.Kh.Lemberg 


The possibilities, advantages and experimental difficulties in utilizing 
multiply charged ions as the bombarding particles in investigating Coulomb ex- 
citation of nuclear levels have been discussed in detail in Refs.l and 2. The 
principal advantage is that the y-ray background from the target is appreciably 
lower than when one uses Q-particles or protons. 

A significant development in our work in 1960 in the Physical-Technical In- 
stitute was extension of the energy range of the accelerated ions up to 53 Mev 
(N14;5+), on the one hand, and down to 12 (N14; 3+) and 16 Mev (Ne29;4+), on the 
other hand. As a result it proved feasible to excite high lying (AE > 1 Mev) lev- 
els in Mg25, Mg26, ca44, Co59, Inl15, sb, Bal38, and Cel40, as well as levels in 
such light nuclei as Li’ and B10, 

The Coulomb excitation of the nuclear levels was investigated by means of 
cyclotron beams of Ne20;4+ ions with energies from 16 to 26 Mev, N14;3+ ions with 
energies from 12 to 22 Mev, N14;4+ ions with an energy of 36 Mev and N14;5+ ions 
with an energy of 53 Mev. The Coulomb excitation cross sections were determined 
from the yield of y-radiation emitted in de-excitation of the excited levels. 


The equipment and measurement procedure were similar to those employed earlier! »2, 


In order to enhance the accuracy of the results we used the method of "re- 
ference levels’ developed earlier!»3, In using this procedure, before measuring 
the excitation cross section for the studied level, one measures the cross sec- 
tion for a reference level for which the reduced excitation probability (B(£2)*is 
well known; the reference level should be in a nucleus with a close value of Z 
and have an energy of the same order as that of the studied level. The discrepan- 
cy between the measured and known excitation probability for the reference level 
is then used to correct the experimental reduced probability for the studied level 

In the present work we used the following reference levels: 

in investigating Li and B - the 0.44 Mev level in Na?3 (8(£2)} = 0.11-10-48 
e2 cm* - Ref.4); 

in investigating Co - the 1.19 Mev level in Ni®2 (B(E2)} = 0.085°10748 e2 cm4 
- Ref.1); 

in investigating Mg, Ca and Se - the 0.56 Mev level in Se’® (B(£2) = 0.42: 
-10748 e2 cm* - Ref.1); 

in investigating In, Sb and Ce - the 1.15 Mev level in Snl22 (B(£2)} = 0.26- 
°10748 ©? cm4 - Ref.5); 

in investigating even Sn isotopes and Bal38 — the 1.60 Mev level in Cel40 
(t = 1.1°10713 sec - Ref .6); 

in investigating Snl17 - the 0.16 Mev level in Tit? B(E2)} = 0.040-10748 
e2 cmt - Ref.7). 

The accuracy in determining the reduced probabilities, except as otherwise 
noted, is estimated to be 15-20%. 

The results of our measurements are summarized in Tables 1 and 2. Here AE 
is the level energy; 5(E2)} is the reduced excitation probability; tT is the life- 
time of the level; /' is the ratio of the experimental B(E2)} to the reduced proba- 
bility calculated on the basis of the single particle model (B(F2))) (in the cal- 
culations it was assumed that the nuclear radius f, = 1.2°10-13 al/3 cm); /, and 
I; are the spins of the nucleus in the ground state and excited state, respective- 
ly; t(#2)is the partial lifetime of the level with respect to electric quadrupole 


de~excitation to the ground state. In the even-even nuclei there were excited 
the first spin 2t levels. 
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' Table 1 
Coulomb excitation of levels in even-even nuclei 


Se eee SS eee eee 
B(E2 
Isotope re = F408, Le fs Iso— | ar, B(E2)t so fc 
cm! a0 eae tope Mev eet 10-" Sec 4 
Mes Leia O Mm laresS, 7.1 | 15 Snl20 | 418 0,26 7 Ou lad 
os a 0,035 55 7,5 || Snt22 | 4°45 0:26 7 OP ar 
S 163 144 9) 47 Salt | 1743 D : 
Sut | 1,26 0,33 4,0 | 20 Bal®s | 143 oe a 8 is 
Sk [tga]. 0,25 4,4 ]15 || Ce“ | 4,60] 0,27 {4 ltd 
Sn 4,299 | 0.29 3.9 | 47 Cel? | 0.65 0.44 86. 19 
Snes |1,22 | 0,24 6,2 | 44 
Table 2 


Coulomb excitation of levels in odd-A nuclei and odd—-odd BLO 
2h. Se a a ee ee ee ee ee 


Peon Beds. cs 

Isotope | AE, MeV | ey , cm i T; t(E2), see 
Li? 0,48 000050 3/5— 157 40-9 
Bo | (0172 000017 s+ a ae 
Mg 1,64 | 0,044 5 Jat 7/o+ 9°0-10-28 
Me> | 0,98 | 0,00036 5/2 3/5¢ 1,7-40-20 
Mg? 0.58 0000060 5 /2+ 1/,+ 6,9-10-9* 
Coe 1,10 | 0,010 7/2 5 /5— 3,7.40-22 
Co*® 1,19 0,028 7/2 3/71 j,~ (6—19)-10-33 
Co% 1,43 0,013 7/2— 3 /y-—1/,— (5—15)-10-28 
aed | il. 15 0,090 | 9 /2+ 5 jg+t—18/.+ (2,7-6,3)- 40718 
Snu7_ | 0,46 000074 1/24 3/5+ 2,1-10-8 
spi2)) 4,05 0,18 5 fat Vgt—9fat | (1,26,0)-108 
Spl) oe4,05 0,24 Tye S/gt—jgt | (1,4—4,0)-10- 
Sb! ee 42 0,038 5/ot fat 8 pst (4—20)-10738 
Sp(!3) 4,42 0,050 Zp 3/5+—11/,+ (52=28) 40-8 


*Total lifetime of the state (Tt). 


A. Even-Even Nuclei 
Mg26 


Of interest in the case of Mg2© is excitation of the level at 1.83 Mev, known 
from investigations® of Bt-decay of A126 amd experiments? on inelastic neutron 
scattering. Knowledge of the excitation probability for this level makes it pos- 
sible to elucidate the dependence of 5(k2) for even-even magnesium isotopes on 
the number of neutrons in the nucleus (the value of B(E2) for the 1.37 Mev level 
in Mg24 was determined in the work of Ref.1). Investigation of Coulomb excitation 
of the 1.83 Mev level in Mg2° was hampered by the fact that the abundance of Mg26 
in the natural mixture of isotopes is only 11%, while a target of magnesium oxide 
enriched in Mg26 to 93% could not be used because under bombardment with nitrogen 
ions there appeared an intense 1.78 Mev y-line as a result of the N + 0 reaction, 10 
In working with other ions (for example, Ne22;4+) the y-background owing to pres- 
ence of oxygen in the target proved to be so strong that it was impossible to 
measure the yield of 1.83 Mev y-rays from Mg26 with adequate accuracy (the diffi- 
culty is aggravated by the fact that in using a magnesium oxide rather than a 
magnesium metal target the yield of the investigated y-rays is reduced by a fac- 
tor of 2). In the present experiments, in order to facilitate observation of 
Coulomb excitation of the 1.83 Mev level, there was Bee pe ce a target of metallic 
magnesium, separated from magnesium oxide enriched in Mg“°. To this end the mag- 


o 
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nesium oxide was heated in a 
special reactor in mixture with 
; silicon; the reduced magnesium 
| | | | | was evaporated and condensed on 
y oe me. 3 | | a cooled nickel backing.* A simi- 
Di | qa, | ay se | | | | lar procedure was used in prepar- 
| | | | | ding a target of natural magnesium 
alte ah | | | anda Mg2° enriched target. 
| The magnesium targets were 
| | | pombarded with 16.8 and 18 Mev 
roroporooebogs | n14;3+ and 25.8 Mev Ne29;4+ ions. 
y) ret | | | | | The y-ray spectrum obtained in 
20 JO 4 50 60 the experiments with the N14;3+ 
Channel No. ions of 18 Mev energy is shown in 
Fig.1. Experimental y-ray spectrum obtained in Fig.1. The 1.37 Mev line appears 
Coulomb excitation of Mg26 with triply charged as the result of Coulomb excita- 
N14 ions with E = 18.0 Mev. The figures at the tion of Mg24, which was present 
peaks indicate the y-ray energies in Mev. in the target in the amount of 
5.6%. In addition, this line also 
appears as the result of the N + C reaction. The 1.83 Mev line corresponds to the 
excited level of this energy in Mg26. However, some contribution to this y-line 
is made by the 1.78 Mev y-rays appearing as a result of reaction of the nitrogen 
ions with the oxygen, a minor amount of which was present in the target. To evalu- 
ate this contribution, we bombarded targets of natural magnesium and Mg25 with the 
same ions. In the resultant spectra there was evident a ~1.8 Mev line due both to 
Coulomb excitation of the 1.83 Mev level in Mg26 present in the natural magnesium 
and Mg25 targets in the amounts of 11% and 6%, respectively, and to the N + 0 nu- 
clear reaction. Evaluation of the contribution of the 1.78 Mev gammas from the 
N + 0 reaction to the yield of the 1.83 Mev y-rays emitted in excitation of Mg26 
was carried out by comparing the yields of ~1.8 Mev y-rays detected in bombarding 
the Mg26 target and in bombarding natural magnesium and Mg25 (taking into account 
the Mg26 content in the three targets) on the assumption that the yield of the 
1.78 Mev y-rays from all three targets was the same. 

It must be noted that the y-ray yield from the N + 0 reaction determined in 
this manner on the basis of measurements with the Mg25 target and two natural mag- 
nesium specimens are in good agreement. This gives reason to infer that the num- 
ber of 1.78 Mev y-rays in the experiments with Mg26 was correctly evaluated inas- 
much as all the targets (Mg26, Mg25 and Mgnat) were prepared under identical con- 
ditions. In the experiments with 18 Mev N14;3+ ions the number of 1.78 Mev y-rays 
from the N + 0 reaction amounts to ~25% of the total number of ~1.8 Mev y-rays de- 
tected in bombarding the Mg26 target; in the experiments with 16.8 Mev N14;3+ ions 
the relative number of 1.78 Mev y-rays amounts to only ~10%. 

In bombardment of Mg26 with the Ne20;4+ jons there were observed in the spec- 
tra two y-lines: 1.63 Mev (self-excitation of Ne29) and 1.83 Mev (excitation of 
Mg26), These lines had to be resolved in order to determine the yield of 1.83 Mev 


We estimate the error in determining B(E2)} for the 1.83 Mev level in Mg26 


ee ee ee ee ee ee ee ee ee ee eee ee en ee ee ee 


*We take this opportunity to thank V.S.Rylov who developed the procedure 
for preparing metallic magnesium films from small amounts of magnesium oxide. 
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Coulomb excitation of the 1.16 Mev 
level in Ca44 the existence of which is 
known from studies of B-decayll and in- 
elastic neutron scattering?, was investi- 
gated by means of 16.8 and 21.5 Mev N14;3+ 
and 26 Mev Ne29;4+ ions, The natural abun- 
dance of Ca44 is 2%. We had available a 
quantity of calcium carbonate enriched to 
94% Ca44, Use of this as a target, how- 


0 
40 50 60 ever, led to the appearance of intense y- 
Channel No. radiation owing to nuclear reactions with 
Fig.2. Experimental y-ray spectrum the oxygen and carbon impurities present. 
emitted in Coulomb excitation of Cat4 Hence the Ca44C0, was converted to Ca44Clo. 
(ca#4c1, target with triply charged In view of the hygroscopicity of calcium 
16.8 Mev N14 ions). chloride, before being mounted in the Fara- 


day cup, the target was heated for some 

time at 300°. 

Fig.2 shows the y-spectrum obtained in bombardment of the Cat4c1, target with 
16.8 Mev N14;3+ ions. The dashed line in the figure shows the shape of the Comp- 
ton distribution from the 1.37 Mev line, that resulted from reaction of the nitro- 
gen ions with the carbon impurities present in the target. The shape of the 1.37 
Mev line was recorded in a separate experiment involving bombardment of natural 
CaClo. 


Se74 


The 0.635 Mev level in Se?74 was discovered in investigating B-decay of As74 
.(Ref.12). The lifetime of this state has been measured by Metzgerl3 by the nuclear 
“resonance fluorescence method (t x 6:10712 sec) and by Temmer & Heydenburg!4 in in- 

vestigating Coulomb excitation by Q-particles (t = 1.9°10711 sec). In view of this 
great difference between the lifetime values, we undertook an investigation of 
Coulomb excitation of Se74 using 18 Mev N14;3+ ions. The target was prepared of 
metallic selenium powder enriched to 41% Se74 (the Se content in natural selenium 
is 0.87%). The other even-even selenium isotopes were present in the target in 
the following amounts: 8% Se76, 13% Se78, 27% Se89, and 6% Se82, 

In bombarding the target with 18 Mev N14;5+ ions there was obtained a broad 
y-peak comprising contributions of the y-rays from all four selenium isotopes. In 
order to determine B(£2)} for the 0.635 Mev level in Se74, we measured the area of 
‘this integral y-peak and subtracted from it the areas of peaks due to Se76, Se78 
Se80 and Se®2 evaluated from the known values of B(E2)| (Ref.1). It should be 
noted that the values of B(E2)} for Se76, se78 and Se8° reported by us in Ref.1 are 
in good agreement with the data of Temmer & Heydenburg!4. Temmer & Heydenburg did 
not measure the reduced excitation probability for Se82 so that we cannot compare 
our results for this isotope with the data of other investigators, but there is no 
reason to assume that our value for Se82 is less precise than for the other Se iso- 
topes. Moreover, our target contained only 6% Se82 so that any prey in de- 

termining B(f2) + for Se82 could have little effect on our result for Se’. 

Our value for the lifetime of the 0.635 Mev state of Se74 is approximately 
half that given by Temmer & Heydenburg!4 and 1.5 times higher than that reported 


by Metzger13. 
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Fig.3. Experimental y-ray 
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Fig.4. Comparison of the ex- 
perimental and theoretical 
values of the reduced transi- 
tion probability (2) for the 
first levels of even tin iso- 
topea: 1 - results of the 
present study, 2 - results of 
the theoretical calculations 
(Ref.16), 3 = results of Stel- 
son & McGowan®, 
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Sn 

We first investigatedl5 Coulomb excitation 
of the even isotopes of tin in 1957 using O- 
particles with energies to 14.5 Mev. Recently, 
Kisslinger & Sorensen!6 and Marumoril’ calculated 
the values of /i(//2)} for a number of even-even 
nuclei, including all the even isotopes of Sn, on 
the basis of the theory of 8.T.Belyaev, taking 
into account pair correlation. It is of interest 
to compare the theoretical values of (2)? with 
the experimental ones. 

In view of the fact that our early results!5 
differ from the results of Stelson & McGowan (in 
some cases the divergence exceeds 50%), we under- 
took a new investigation of excitation of the even 
isotopes of tin using the new heavy ion procedure, 
Most of the experiments were carried out with quin 
tuply charged 52.5 Mev N14 ions. The results of 
investigation of Coulomb excitation of Sn122 under 
these conditions are shown in Fig.3. For compari- 
son we give the results obtained in bombarding 
Sni22 with Q-particles. The improvement in the 
effect-to-~background ratio realized in employing 
heavy ions will be evident from a comparison of 
Figs.3 a and b. 

The results obtained in the present investi- 
gation are shown in Fig.4 together with the data 
of Stelson & McGowan5 and the results of theoreti- 
cal computations of /(/2)} by Kisslinger & Soren- 
senl6, It may be noted that the mass number vari- 
ation of the /(//2)}) values obtained in our experi- 
ments agrees in general with the variation of 
B(h2)} calculated by Kisslinger & Sorensen. The 
greatest divergence between the theoretical values 
and our experimental reduced probabilities obtains 
for Snll2 and amounts to about 30%. An error of 
this magnitude can be explained by the low content 
of Snll2 in the target (52%) and the presence in 
it of other even Sn isotopes. 


Bal38 


The most abundant barium isotope has a closed 
neutron shell. It is known from studies of Bt- 
decay of Lal38 (Ref.18) that the energy of the 
first level in BalS8 is 1.43 Mev. 

Investigation of Coulomb excitation of Bal38 
involves a nunber of difficulties. For excitation 


of high=lying levels in such a heavy nucleus one must use ions of high energy, but 
with inorease of the bombarding Lon energy there occurs an appreciable increase in 
the y-background from nuclear reactions of the ions with light elements inevitably 


present in the form of impurities. 


For this reason it is preferable to use metal- 


40 50 60 

Channel No. 
Fig.5. Experimental y-ray 
Spectrum recorded in bombard- 
ing a target of natural Ba (a) 
and a target of PbO (b) with 
quintuply charged 52.5 Mev N14 
ions. 
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Fig.6. Experimental y-ray 

Spectrum recorded in bombard- 
ing a target of natural bari- 
um with 15.1 Mev Q-particles. 
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lic barium rather than some barium compound as 
the target. It is known that barium readily com- 
bines with oxygen and nitrogen. Hence we pre- 
pared our metallic barium target in a dry contain- 
er in an atmosphere of pure argon; this was insert- 
ed into the Faraday cup which was then coupled by 
means of a vacuum lock to the vacuum system through 
which the beam was extracted from the cyclotron, 
Nevertheless, a small amount of oxygen was 
still present in the target, so that in the 7- 
Spectrum recorded in bombarding the target with 
quintuply charged 52.5 Mev nitrogen ions there 
was observed the 1.78 Mev y-line resulting from 
the N + O reaction. The same reaction at high 
bombarding ion energies also gives rise to 1.37 
Mev y-rays (Ref.10), which, being close in energy 
to the 1.43 Mev y-rays emitted incident to de- 
excitation of the first level in Bal3s | hinder 
investigation. 
Gamma-rays 
a result of the 
to the presence 


of 1.37 Mev energy also appear as 
N + C reaction, which occurs owing 
of a carbon film on the target1l9, 
However, it was shown in experiments with 52.5 
Mev N14;5+ ions that the yield of 1.37 Mev gammas 
at this ion energy is negligibly small (Fig.3,a). 
Comparison of the spectra recorded in bombard- 
ing targets of natural barium and lead oxide (Fig. 
5) shows that some oxygen impurity was present in 
the barium target. We determined the yield of 
1.43 Mev gammas in the following manner: from the 
ratio of the yield of the 1.37 and 1.78 Mev y- 
rays from the PbO target and the measured yield of 
1.78 Mev y-rays from the Ba target, we calculated 


the yield of 1.37 Mev y-rays from the Ba target, which was then subtracted from 


the integral yield of 1.43 and 1.37 Mev y-rays. 
of 1.43 Mev y-rays amounts to about 50% of the total yield. 


It was found that the fraction 
This evaluation is 


not particularly accurate, for experiments have shown that the yields of 1.37 and 
1.78 Mev y-rays from thick and thin oxygen targets may differ appreciably. 
We also investigated Coulomb excitation of barium using 15.1 Mev Q-particles 


as the projectiles. 


In this case there are no parasitic lines associated with 


‘nuclear reactions and interfering with determination of the yield of 1.43 Mev 7- 


rays. 


Unfortunately, the area of the 1.43 Mev y-peak is determined in this case 


with relatively low accuracy inasmuch as in the spectra obtained with O-particles 
the effect to background ratio is approximately three times smaller than in using 


nitrogen 

The 
particle 
nitrogen 
ments we 


ions, 


ions and equals ~1:9 (Fig.6). : 

value of B(E2)} for the 1.43 Mev level in Bal38 determined from the Q- 
experiment is in good agreement with the results of measurements with 
but in view of the low accuracy involved in the Q-particle measure- 


have not used this value. 


We estimate the uncertainty in determining B(E2)} for the 1.43 Mev level in 


Bal38 on the basis of the nitrogen ion experiments as 30%. 
38 , we are planning to carry out experiments with 


more accurate results for Ba 


In order to obtain 


metallic barium targets virtually free of oxygen. 


J 


30 40 50 60 
Channel No. 
Fig.7. Experimental y-ray spec- 
trum recorded in Coulomb excita- 
tion of Cel4° with quintuply 
charged 52.5 Mev N14 ions. 


30 40 50 
Channel No. 


Fig.8. Experimental y-ray spec- 
trum emitted in Coulomb excita- 
tion of Cel42 with quintuply 


charged 52.5 Mev n14 ions. 
preciable (Fig.8). 
barding the target. 
+ 0.007 Mev. 
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Cel 40 


Cel40 is the most abundant cerium isotope; 
like Bal38 this nucleus has a closed neutron 
shell. Coulomb excitation of the 1.60 Mev level 
in Cel40 was investigated by means of 52.5 Mev 
n14;5+ ions (Fig.7) and 15.1 Mev Q-particles. 

By way of target we used metallic ceriun, and 
before inserting it in the Faraday cup we usual- 
ly took appropriate measures to eliminate the 
cerium oxide film that forms during storage. 

The lifetime of the 1.60 Mev level in Cel40 
was measured by the nuclear resonance fluores- 
cence method by Ofer & Schwarzschild® and Dzele- 
pov & Dolgoboroloval9, Our value for the life- 
time agrees within the limits of the experiment- 
al error with the value of t given by Ofer & 
Schwarzschild and is 32 times lower than the 
value given by Dzhelepov & Dolgoborolova. 


Cel42 
It is known from studies20 of B-decay of 
Lal42 that Cel42 has a level at 0.63 Mev. The 
natural abundance of Cel42 is 11%. Nevertheless 
it proved feasible to investigate Coulomb exci- 
tation of the first level of Cel42 using a natu- 
ral cerium target: the energy of this level is 
relatively low and the yield of y-rays emitted 
in de-excitation of this level proved to be ap- 


We used 52.5 Mev N14;5+ ions and 15.1 Mev Q-particles for bom- 
According to our data the energy of the first level is 0.650 


B. Odd A Nuclei and Odd-odd BLO 


A number of difficulties are commonly encountered in calculating the life- 


times of the excited states of odd-A nuclei. 


To determine the lifetime one must 


know B(£2)|, while experiment gives B(E2)),which is not sufficient if, as is often 


the case, the spin of the excited level is not known. 


In such cases one can only 


give the bounds for t(H2) (on the assumption that J, does not differ from /, by 


more than two / units). 


is known. 


The total lifetime T can be determined only when the in- 
tensity ratio of E2 and Ml transitions from the excited state to the 


ground state 


If several levels are excited in the nucleus, then in determining B(E2)} one 
must take into account the possibility that in de-excitation of the higher-lying 
levels there may occur cascade transitions via some of the excited lower-lying 


levels. 


The energy of the first excited level in Li? 


and Davis21, 
of the ground state is 3/2-. 


Li? 


is known from the work of Day? 


This level lies at 0.48 Mev and has spin and parity 1/2-; the spin 
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In our experiments on 
: Coulomb excitation of Li’ we 
used quadruply charged 16 Mev 
Ne Ne20 ions. The use of such 
\ heavy ions reduced the y- 
K background to such an extent 
ae that it proved feasible to 
Sy | measure the yield of 0.48 Mev 
Som y-rays (Fig.9). The target 
was metallic lithium; in order 
to prevent oxidation the tar- 
20 90 20 50 60 get was prepared in a dry con- 
Channel No. tainer in an atmosphere of ar- 
Fig.9. Experimental y-ray spectrum recorded in gon and bombarded in this pro- 
Coulomb excitation of Li’ with quadruply charged tected state. 
16.0 Mev Ne20 ions. The ground and excited 


state spins differ by 1; con- 
sequently, in de-excitation of the 0.48 Mev level there may occur E2 and M1 type 


transitions. From the measured value of B(H2)} one can calculate 1(E£2), the par- 
tial lifetime of the 0.48 Mev state for electric quadrupole transitions. By com- 
parison of t(£2) and the total lifetime T measured by Swann et al22 and Beckman 

& Sandstrdém23 one can determine 6*, the ratio of the abundances of E2 and Ml 
transitions from the 0.48 Mev level in Li’. If one takes tT = 1.12°10-13 sec 

(this is the value obtained by Swann et al22 by the nuclear resonance fluorescence 
method), we find §? = 3.1-1075, It may be noted that investigation of Coulomb 
excitation in this case allows of determining this very small value of 6? with 
relatively good accuracy (within ~30%). 

Leamer24 in investigating internal conversion in Li’ found that the number 
of E2 transitions lies in the range from 0 to 45% of the total number of transi- 
tions from the 0.48 Mev level, which yields a wide range of values for 62, name- 
‘ly, from 0 to 0.8. 

In a number of cases the anisotropy of the angular distribution of y-rays 
proves very sensitive to the value of 6’; however, the sensitivity of this method 
for determining 467 in the given case is appreciably lower. 

Possibly in bombardment of lithium with 16 Mev Ne ions (16 Mev = 0.62 the 
energy of the barrier) there occurs not only Coulomb excitation of the 0.48 Mev 
level but also excitation as a result of inelastic scattering of the neon ions. 
If this process does occur, experiment will yield an overestimate for the reduced 
excitation probability for the 0.48 Mev level in Li’. ; 

However, aS will be shown below, in investigating the 0.72 Mev level in Bl 
by means of 18 Mev Ne2° ions there was obtained a value of T in good agreement 
with the results of other investigators. The ratio of the collision energy to 
the energy of the Coulomb barrier in this case equalled 0.57. 

In 1960 (after completion of our measurements) there was published the work 
of Stelson & McGowan, in which they give the results of investigation of excita- 
tion of Li? using Ne20 ions of lower energy (up to 11 Mev, which amounts to Boe 
the energy of the Coulomb barrier). It may be noted that our results for Li 
agree within the limits of the experimental error with the data of Stelson & Mc 
Gowan. Thus the contribution to the excitation yield owing to the process of for- 
mation of the compound nucleus with increase of the bombarding particle energy up 


to 0.6 Epay is still small. 
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BLO 


The existence of a 0.72 Mev level 
in B10 is known from investigations?25 
of Bt-decay of C19, studies9 of inelas- 
tic neutron scattering, and other ex- 
periments. The spin assignment for 
this level is 1+ (Sherr & Gerhart?) ; 
the assignment for the ground state is 


ran r 
Nese — 


or POD-5-0-O-9 


TT, 40 50 = 1 ee 3+ (Ting & Williams26). 
i aa As far as we know Coulomb excita- 
Fig.10. Experimental y-ray spectrum tion of B19 was observed for the first 


time in the present experiments. The 
target of compressed boron powder en- 
riched to 83% B19 (the natural abundance 
of BLO is 19%) was bombarded with quad- 
ruply charged 18 Mev Ne29 ions (Eo/Epay = 0.57). The experimental 7Y-spectrum is 
shown in Fig.10, where there is clearly evinced the 0.72 Mev line associated with 
Coulomb excitation of B10, 

In this case AI = 2 and the transition from the 0.72 Mev state to the ground 
state must be pure E2. Hence the total lifetime T can be determined from the 
measured value of B(E2)}. Our value of 1.1°10-9 sec is in good agreement with the 
results of measurements of T by other methods27-29, 


recorded in Coulomb excitation of B10 
with quadruply charged 18.0 Mev Ne20 
ions. 


Mg25 


The level diagram of Mg25 has been investigated by a number of authors. Ac- 
cording to Gove & Litherland30, the energies and spins of the first excited levels 
of Mg25 are 0.58 (1/24), 0.98 (3/2+), 1.61 (7/2t) and 1.96 Mev (5/2+). The ground 
state spin is 5/2+. 

For Coulomb excitation of Mg25 
we used triply charged nitrogen ions 
with energies of 12.2, 16.8, 18 and 
21.5 Mev. The metallic target en- 
riched to 89% Mg was prepared by re- 
duction of appropriately enriched 
magnesium oxide. 

In the spectrum reproduced in 
Fig.1l1 one can see y-peaks at 0.98 
and 1.61 Mev, corresponding to ex- 
citation of levels of these ener- 
gies in Mg25, The 1.37 and 1.8 Mev 
y-lines appear as a result of Cou- 
lomb excitation of corresponding 
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Fig.11. Experimental y-ray spectrum recorded 


in Coulomb excitation of Mg2° 


with triply 
charged 18.0 Mev N14 


ions. 


tions, 10 


levels in Mg24 and Mg26, which were 
present in the target in amounts of 
5 and 6%, respectively, and as a re- 
sult of the N + C and N + 0 reac- 


In the spectra obtained in bombarding Mg25 with nitrogen ions there were 


also observed 0.58 and 0.40 Mev y-lines, corresponding to excitation of the 0.58 
Mev level in Mg25 and the cascade transition from the 0.98 Mev level via the 0.58 
Mev level, and 0.35 Mev y-rays from the N + C nuclear reactionl9, 


- 851 - 


We did not observe a line corresponding to excitation of the 1.96 Mev level. 
valuated the maximum possible intensity of the 1.96 Mev y-rays; on the basis 
3 this evaluation and taking into account the fact that only BROOKE 30% of the 
transitions from the 1.96 Mev level go to the ground state (Ref.31), we calculated 

the upper bound for B(E£2)} and obtained 0.006+107-48 ¢2 om’, 

It follows from the results of Gove et a13l that the relative number of cas- 
cade transitions from the 1.61 Mev level does not exceed 5% of the total number 

of transitions departing from this level. Hence the value of the reduced proba- 


bility B(E£2)} for this level was determined directly from the yield of 1.61 Mev 
y-rays. 


We e 


For determining the number of excitations of the 0.98 Mev level it was neces- 
sary to measure the yields of the 0.98 and 0.40 Mev y-rays. The ratio K of the 
pimber of cascade transitions via the 0.58 Mev level to the number of cross-over 
transitions to the ground state has been determined in a number of investigations. 
However, the values of this ratio given by different authors differ appreciably: 
for eS according to Maeder & Stahelin32 K = 0.39, while according to Gove 
et alv~’, K = 0.95. From our experiments we obtained K = 0.54; it must be admitted, 
however, that this value was determined with a large uncertainty, inasmuch as 
measurement of the yield of 0.40 Mev y-rays was hampered by the presence of the 
0.35 Mev y-rays from the N + C reaction. The yield of 0.35 Mev y-rays was evalu- 
ated from experiments with Mg26 and natural magnesium, in the same way as we eval- 
uated the yield of 1.78 Mev y-rays from the N + 0 reaction in investigating Mg26 
(see above). Experiments with 12.2 Mev N14;3+ ions, in which the 0.35 Mev y-line 
from the N + C reaction virtually disappears, also did not enable us to determine 

the value of K inasmuch as the 0.40 Mev line appears in excitation of the relative- 
ly high-lying 0.98 Mev level, and reduction of the bombarding particle energy to 
12.2 Mev leads to sharp decrease in the yield of 0.40 Mev y-rays. 

The values of 4(£2)} and 1(£2) for the 0,98 Mev level listed in Table 2, were 

calculated on the basis of the value of K obtained in the work of Gove et al3l. 
Measurement of the yield of 0.58 Mev y-rays is hindered by two circumstances. 
First, in the spectra obtained in bombarding the target with nitrogen ions there 

is present the 0.59 Mev y-line resulting from the N+C reactionlO0, The yield of 

0.59 Mev y-rays was evaluated from experiments with Mg26 and natural magnesium 

(in the same way as the yield of 1.78 Mev y-rays in investigating Mg26 - see above). 
Second, part of the 0.58 Mev y-rays appears as a result of the cascade transition 
from the 0.98 Mev level; this part of the 0.58 Mev y-rays can be evaluated from 

the yield of 0.40 Mev y-rays or from the yield of the 0.98 Mev y-rays and the as- 

sumed value of K. 

With a view to reducing the 
relative magnitude of these cor- 
rections one should carry out 
measurements using ions of the 
lowest possible energy. In the 
spectra obtained in the experi- 
ments with 12.2 Mev N14;3+ ions 
(Fig.12) the 0.59 Mev background 
line is virtually absent (this is 
evident from the spectra obtained 


“| 


€Fig.12. Experimental y-ray spec- 
70 40 50 60 trum recorded in Coulomb excita- 

Channel No. tion of Mg25 with triply charged 
12.2 Mev N14 ions. 


cs, 
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with Mg26 and Mgnat)- The number of excitations of the 0.98 Mev level is also 
sharply reduced with decrease of the ion energy, and the number of 0.58 Mev 7- 

rays emitted as a result of the cascade transition from the 0.98 Mev level in 
working with 12.2 Mev n14;3+ ions amounts to only 20% of the total yield of 0.58 
Mev y-rays (whereas in the experiment with 18 Mev N14;5+ ions this fraction amounts 
to more than 50% of the total yield of 0.58 Mev gammas). 

Thus the use of 12.2 Mev N14;3+ ions enabled us to reduce the error in deter- 
mining B(£2)} for the 0.58 Mev level, connected with introduction of correction 
for the 0.59 Mev background y-rays from the N + C reaction and the cascade transi- 
tion from the 0.98 Mev level. According to our estimate, the error in the experi- 
mental value of B(E2)} for the 0.58 Mev level is 20-25%. 

The spin of the 0.58 Mev level differs from the ground state spin of Mg25 by 
two units, so that one can determine the total lifetime tT of this level from the 
measured value of B(E2)’. 

Recently Metzger et a133, who used the method of nuclear resonance fluores- 
cence, reported obtaining T = 2.2°107-14 sec for the 1.61 Mev level in Mg25, Using 
this value and the value of 1t(£2) based on our measurements, we evaluated the in- 
tensity ratio of the E2 and Ml type transitions from this level and obtained 6? = 
ae Owe 

The values of the reduced probability for excitation of the 0.98 and 0.58 Mev 
levels are smaller by a factor of 6 and 36, respectively, than the values of 
B(E2)} » calculated on the basis of the single-particle model; on the other hand, 
the value of B(E2)} for the 1.61 Mev level exceeds A(E2)\, by a factor of 5. This 
is evidence in favor of the collective character of the 1.61 Mev level (it must be 
noted that the Mg25 nucleus has an odd neutron so that the single proton evalua- 
tion of B(E£2)},, for it is probably an overestimate). 


Co? 


According to the data of Mazari et al34, obtained in investigating inelastic 
proton scattering, the energies of the first excited levels of Co°9 are 1.097 
(5/2-), 1.189, 1.289 (3/2-) and 1.432 Mev. The assignment for the ground state 
is 7/2-. 

In our experiments on Coulomb excitation of Co°? we used plates of metallic 
cobalt and bombarded them with quadruply charged 36 Mev nitrogen ions. In the 
spectrum there were observed peaks with energies of 1.1, 1.19 and 1.43 Mev, as- 
sociated with excitation of the corresponding levels in Co°9, 

As was shown in experimentsl0 
with separated Ni isotopes the 1.37 
Mev y-background line does not appear 
in the spectrum in bombarding light 
elements with 36 Mev nitrogen ions. 

The dashed line in Fig.13 shows 
the results of subtraction from the 
y-spectrum of the peak due to the 
1.19 Mev y-rays. In view of the un- 
certainty in resolving the 1.1 and 
1.19 Mev lines the error in determin- 

60 ing B(E2)) for the 1.1 Mev level is 
Channel No. estimated to be 50%; that in deter- 
Fig.13. Experimental y-ray spectrum re- mining the reduced probability for 
corded in Coulomb excitation of Co with excitation of the 1.19 Mev level - 
quadruply charged 36.0 Mev N14 ions. 30%. 


The values of B(E2)} for the levels in Co2? 


of the corresponding y-rays; 
in this nucleus. 
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were determined from the yields 


; it was assumed that there are no cascade transitions 
The spins of the 1.19 and 1.43 Mev 
on the basis of the measured values of B( 


and lower bounds of t(£2) for these levels 


levels are not known; hence 
E2)} we could calculate only the upper 
» i.e., the possible range of partial 


lifetimes with respect to electric quadrupole transitions. 
Our results agree within the limits of the experimental error with the data 


of Adams et al135 


who studied Coulomb excitation of Co? by means of oxygen ions. 


On the basis of our data one can evaluate only the lower bound for the life- 


time of the 1.29 Mev level: 1-10712 


t <1°10719 sec, 


sec. According to the data of Berlovich36 


Inl15 


In investigations of inelastic scattering of protons37 and neutrons28,39 it 


was established that In115 has levels at 1.08, 1.15 and 1.29 Mev. 


According to 


Varma & Mandeville®0, this nucleus also has a 0.935 Mev level with spin 7/2+; the 


ground state spin is 9/2+. 


& 


IO 40 50 60 
Channel No. 


Fig.14. Experimental y-ray 

spectrum recorded in Coulomb 

excitation of In115 with quin- 

tuply charged 52.5 Mev N14 
ions. 


In our investigation of Coulomb excitation 
of Inl15 we bombarded an indium foil target with 
52.5 Mev N14;5+ ions. The resultant spectrum 
(Fig.15) comprises a 1.15 Mev line corresponding 
to excitation of the 1.15 Mev level in In115 and 
a broad peak which is probably due to surposition 
of the 1.29 Mev line (excitation of the correspond- 
ing level in Inl15) and the 1.37 Mev line from the 
N + C reaction. The fact that the 1.15 Mev y-line 
is of normal width indicates the absence of y-rays 
of 1.08 Mev energy. Consequently, it may be con- 
cluded that the 1.08 Mev level is either not ex- 
cited at all or only weakly. 

In Table 2 we indicate the possible range of 
values of 1t(£2) for the 1.15 Mev level in Inl15, 


The value of B(E£2)* was calculated from the yield of 1.15 Mev y-rays on the assump- 


tion that there are no cascade transitions departing from this level. 


On the bas- 


is of the experimental spectrum we made an approximate evaluation of the reduced 
probability for excitation of the 0.935 Mev level; our tentative figure is ~0.01> 


-10748 e2 em*, 


Snll7 


Earlier’ we investigated Coulomb excitation of the 0.16 Mev level in this 


isotope using quadruply charged 36 Mev nitrogen ions. 


It must be noted that at 


this ion energy there are excited with a noticeable yield the higher-lying levels 
of Snl17 (1.03 and 0.865 Mev - Ref.15), in the de-excitation of which there may 


be emitted cascade y-rays with Ey 


= 0.16 Mev. 


In the present experiments in investigating Coulomb excitation of the 0.16 
Mev level in Snl17 we used ions of lower energy: 18.5 Mev n14;3+ and 26.5 Mev 


Ne20; 4+, 


The value of B(£2)} for th 


e 0.16 Mev level was calculated on the assumption 


that there are no cascade transitions from the higher-lying 0.865 and 1.03 Mev 


levels in Snl17 and no other transitions of lower energy. 


Comparison of the par- 


tial lifetime t(£2) calculated from our experimental results and the total lifetime 
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T= 5.710710 sec, as measured by Metzger*!, en- 
abled us to determine the intensity ratio of E2 
and Ml transitions from the 0.16 Mev level to the 
ground state of Sn117; we obtained 6? = 0.03%. 

Our value for B(E£2)+ for the first level in 
Sn117 must be regarded as an upper bound. We 
plan further experiments using ions of lower ener- 
gies to determine the precise value of the re- 
duced excitation probability for this level. 


Sb 


30 ‘ 40 50 


T, 
Sedat In the spectra obtained in bombarding metal- 


Fig.15. Experimental y-ray lic antimony targets with quadruply charged 36 
spectrum recorded in Coulomb Mev nitrogen ions, quintuply charged 52.5 Mev 
excitation of Sb with quin- nitrogen ions (Fig.15) and 15.1 Mev Q-particles 
tuply charged 52.2 Mev n14 (Fig.16) there was evinced a y-line that undoubted- 
ions. ly represents the superposition of y-lines of 1.05 


and 1.12 Mev energy. Gamma-lines with energies 
of 1.04 and 1.11 Mev were also observed by Newton & Stephens42 in bombarding anti- 
mony targets with oxygen ions. The fact that these two lines consistently appear 
in bombardment of antimony targets with different particles indicates that they 
are due to Coulomb excitation of nuclear levels. 

Unfortunately, the separated Sb isotopes available to use contained appreci- 
able amounts of oxygen. Because of this the y-background from reactions of the 
nitrogen ions and Q-particles with the oxygen was so strong that we were unable 
to determine in which isotope (Sb121 or Sb123) the above mentioned levels are ex- 
cited. Hence the values of B(E2)* and t(£2) given in Table 2 were calculated 
twice: for Sb12l and for Sp123, 

In the calculations it was assumed that there does occur excitation of levels 
with energies of 1.05 and 1.12 Mev. This assumption is justified by the fact that 
the values of B(E2)}t obtained in the experiments with 36 and 52.5 Mev nitrogen 
ions and with Q-particles are in good agreement. Nevertheless, we feel that the 
existence of these levels is in need of further substantiation (this applies par- 
ticularly to the 1.12 Mev level inasmuch as the accuracy of the results for it 
does not exceed 50%). 

In calculating the reduced probability values we did not take into account 
the possibility of cascade transitions via lower lying levels. 


Conclusions 


Extension of the useful energy range of cyclotron accelerated multiply 
charged ions made it possible to investigate Coulomb excitation of a number of 
nuclear levels. 

Using 16 to 18 Mev neon ions we investigated levels in such light elements 
is Li and B. We also succeeded in exciting high-lying levels in the following 
light and medium elements: Mg25, Mg26, Ca44, Co59, In115 ana Sb. 

Increase of the energy of nitrogen ions to 52.5 Mev made it possible to ex- 
genes with energies of 1.4-1.6 Mev in heavier nuclei, namely, Bal38 and 

e ° 

Investigation of the levels of even-even isotopes is of interest from the 

standpoint of supplementing the energy level systematics for even-even nuclei 


Br oc comparison of the experimental results with calculations based 
on theory. 
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In the present experiments there wer i 
e excited for the first time the lowest 
Spin 2+ levels in Mg?®, cat4, ge74, pal38, Cel40 ang Cel42, For the 1.83 Mev lev- 


pie ie we obtained B(H2) } = 0.035-10-48 e2 cm4, For the 1.37 Mev level in 
.: sos Ay ere cater oe with 16.8 and 18 Mev nitrogen ions and with 
in Se76) ne that was ep investigating Mg26 (the 0.56 Mev level 
Bn. Se we obtained B(E2)} = 0.040-10 e2 cm4, which is a refinement over the 
reduced probability value deduced in our earlier investigationl. 
aoe value of B(E2)} for Se’4 proved to be close to the reduced probability 
for Se obtained in our earlier work! , despite the fact that the energies of the 
first levels of Se74 and Se?® differ appreciably: the respective values are 0.635 
and 0.560 Mev. 
For the 1.60 Mev level in Cel40, which has a closed neutron shell, we obtain- 
ed B(E2)+= 0.27-10748 e2 cm*, a value 1.5 times higher than the reduced excita- 
tion probability for the 0.65 Mev level of the neighboring even nucleus Cel 42, 
Recently Kisslinger & Sorensenl® carried out theoretical calculations of the 
reduced excitation probability for the first levels in nuclei with a closed shell. 
Our data on Bal38 | Cel40 and the even isotopes of Sn together with our earlier re- 
sults for Ni isotopes and Cr°2 provide the basis for comparison of the experiment- 
al values with the theoretical results. Comparison showed that there is in gener- 
al good agreement between the experimental and theoretical data (Table 3). 
We determined the values of the total life- 


Table 3 time T of the investigated levels in the even- 
Comparison of the experimental even nuclei and also of the 0.72 Mev level in 
and theoretical!® values of B10 and the 0.58 Mev level in Mg25, For the 
B(E2) for some nuclei other levels in odd-A isotopes we give the values 
of t(£2), the partial lifetime as regards electric 
Nucleus| 3) theo: | eRe RPS dipole de-excitation (or, where the values of the 
een rr eee ee excited state spin are not known, we give the up- 
crs? | 0,16 0,062 per and lower bounds for the partial lifetime). 
ae ote dee We indicate the possible spin assignments 
Nise 0074 02085 for the 1.19 and 1.43 Mev levels in Co°9, the 
Nis 0,064 0,087 1.15 Mev level in In115, and the 1.05 and 1.12 
Ee, ae ee Mev levels in Sb. These values were determined 
Snls 0,26 0,29 on the basis of the fact that in the case of Cou- 
Snis 0,29 0,24 lomb excitation (E2 transitions) the spin J/; of 
Ee ae oe the excited level can differ from the ground 
Sn124 0,20 0,22 state spin /, by not more than two units. 
Bal 0,51 0,38 The values of the total lifetime tT for the 
Cel46 0,73 Qa 74il 


0.48 Mev level in Li?, the 1.61 Mev level in Mg25 
and the 0.16 Mev level in Sn117 are known from 
other studies. Using these values and the measured t(£2), we calculated the values 
of 62, the relative intensity of E2 and Ml transitions in de-excitation of the 
vels. 
laatercc penams of F (the ratio of the experimental B(E2)+ to the reduced proba- 
bility calculated on the basis of the single particle model) for the Ene in 
even-even nuclei, the 0.48 Mev level in ‘Pathe the 1.61 Mev level in Mg“? and the 
investigated levels in Co°9, Inl15 and Sb indicate that the enumerated levels are 


probably collective in character. 
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BETA- AND GAMMA~SPECTRA OF RADIOACTIVE Sb113 AnD Spl15 AND A NEW Sn113 IsomER 
- I.P.Selinov, V.L.Chikhladze, D.E.Khulelidze & N.A.Vartanov 


1. The B-spectrometer 


In 1955, V.V.Kunits, V.L.Chikhladze and N.A.Vartanov constructed a solenoidal 
ype B-spectrometer with two thin, iron-free magnetic lenses. The basic paramet- 
ers of this instrument are the following: source to detector distance 1000 mm, in- 
Side lens diameter 430 mm, outside diameter 900 mn, thickness 100 mm. The spec- 
trometer has provision for displacing the coils in different directions and an 
auxiliary vacuum chamber to permit interchange of sources without disturbing the 
vacuum in the main chamber. By longitudinal displacement of the lenses, variation 
of the opening in the iris diaphragm and change of the aperture in front of the 
counter the resolution of the instrument can be varied from 1.4 to 3.2% with cor- 
responding change in the transmission factor from 0.5 to 1.4% (for a 5 mm diameter 
Cs source). The lens current can be varied from 10 ma to 20 amp; the current 
is regulated to within ~10-2%. The instrument is capable of focusing electrons 

of up to 3.5 Mev energy. 

In 1959, V.L.Chikhladze and D.E.Khulelidze made a number of improvements in 
the design of this instrument. An iris diaphragm with provision for varying the 
opening from 1 to 40 mm was installed between the source and detector. The opti- 
mum transmission to resolution ratio is obtained with the maximum distance (560 
mm) between the lenses. Use of a special limiting aperture made it possible to 
increase the opening of the iris diaphragm to 40 mm. In this case the relative 
line half-width for a 5 mm diameter source is ~2%; the acceptance angle is ~2.5% 
of 4x. 

An electron gun and moveable fluorescent screen were used for investigating 
the electron trajectories. On the basis of the test data there was designed a 
spiral diaphragm for separating electrons from positrons. The separation coeffi- 
cient is 103, 


2. Preparation of the antimony sources 


The radioactive antimony isotopes, Sb113 and Sb115, were obtained by cyclo- 
tron bombardment of tin foils with ~1ll Mev deuterons.! The foils were prepared 
of tin specimens enriched to 52.3% Sn112 or 57.2% Snl1l4 using electromagnetic _ 
separation. The radioactive antimony isotopes were obtained by the Sn112(q,n)Snt 
and Snl14(q,n)Sn115 reactions. 

The chemical separation of the antimony and preparation of the sources were 
carried out by Yu.A.Bliodze and V.K.Kovyrzin under the supervision of E,E.Baroni. 

The 10-20 mg deuteron-bombarded foil was dissolved in 2 ml hot HCl in the presence 
of a platinum catalyzer. After solution of the tin, there were added 2 ml water 
and a drop of carrier - SbC1l3 solution (1 mg Sb per 1 ml HCl). 

A strip of copper foil, etched in HNO3 and coated on one side with varnish, 
was immersed in the solution. Upon heating of the solution to 60°C the antimony 
was electrochemically deposited on the exposed copper foil surface. The time re- 
quired for chemical separation was 10-12 min. The copper foil with the antimony 
coating was cemented to an aluminum support and mounted in the B-spectrometer. 


3. Sbi15 spectrum 


trum of Sb115 is simple. The 
A 1l be evident from Fig.1, the positron spec 
eae plot is a straight line. The experimental points rise above this line 
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in the low energy region (below ~400 kev); this _ 
can be explained by the appreciable back scat- 
tering from the copper foil. The end-point ener- 
gy of the spectrum is 1510 + 20 kev. 

The conversion electron spectrum of Splis 
was investigated in the energy range from 25 to 
600 kev. There were observed two electron lines 
with energies of 471 and 495 kev (Fig.2). They 
were identified as the K and L conversion lines 
of a 499 + 2 kev y-transition. Ne,/N,, = 0.0183, 
No other conversion lines (<1%) were observed. 

In investigations2-4 of Coulomb excitation 


No 
NEE rhage fet 


4 re 10220 Kev 


1240 2480 3720 4960 6200 of indium there was observed a y-line with Ey = 
YMG = 500-512 kev. A transition of this energy does 
Fig.1. Positron spectrum of not fit into the level scheme of In115, Hence, 
Sb115 (1) and the Fermi-Kurie Davis et al* hypothesized that it pertains to 
plotz¢2)i. tin isotopes formed by the reactions: Inl15(p,n) 
Sn115 or Inl15(p,y)Sn116, It follows from our 
N/tip Kt results that the 500 kev y-line belongs to Sni15, The 


y-spectrum of Sb115 was investigated on a scintillation 
spectrometer. There was observed intense x-radiation 
from tin, indicating abundant K capture with a period 
of 32 min; the 499 kev y-line could not be resolved 


ta 


Z against the strong background of annihilation radiation. 
A number of very weak y-lines were detected in the ener- 
6 gy range from 1000 to 2500 kev; their total intensity 


amounts to less than 10% the intensity of the annihila- 
tion radiation. We were not able to measure experimen- 


L 
4 tally the intensity ratio of the x-radiation to the an- 
nihilation radiation. According to calculations? »® for 
2600 2s 2860 antimony isotopes (Z = 51) and Eg+ = 1500 kev, the ratio 
hp, str 
Fig.2. K and L conver- a ais ay re 
sion lines of the 499 Woe 
kev y-transition in We calculated the K shell conversion coefficient 
Splis, using this ratio and our value for Ne,/N,, and obtained 


Qk = 0.0064 + 0.0007. 


It will be evident from Table 1 that this value of Q, corresponds to Ml or E2 
transitions, but is closer to Ml. The K/L ratio is 6.5 +1 (according to Fig. 3)% 
which is also consistent with these multipole orders. 


Table 1 
Theoretical values of Qx and K/L for the 499 kev transition in Sn115 (Ref.7) 


AI | E1 | E2 | E3 | M1 | M2 


| M3 
OK | 0,00198 oc 0,0160 00655 | 0,020 | 0 595 
KIL | 8,75 13,35 | 655 |7,95 | 7,45 | 74 
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Fig.3. Decay scheme for Spbl15, Fig.4. Positron spectrum of Sb113, 


In view of the rectilinearity of the Fermi-Kurie plot and the fact that log 
ft equals 4.7 it follows that this Bt-transition is allowed. Proctor® and Mack? 
report that the measured value of the Sn115 ground state spin is 1/2. On the 
basis of these data one can propose the decay scheme for Sb115 shown in Fig.3. 
According to this scheme, the Sb115 - Sn115 mass difference is 3050 kev, which is 
in good agreement with the theoretical value of 3300 kev calculated by Cameronl0, 


4, Sb113 spectrum 


; The positron spectrum of Sb113 consists of two components with end-point ener- 

gies 2420 + 20 and 1800 + 40 kev (Figs.4 & 5). Wo +/We,+ = 2.4 40.3. Analysis of 

the Fermi-Kurie plot (Fig.5) shows that both components correspond to allowed de- 
cays. In calculating the log 
ft values we took into account 
the theoretical values®,6,11 
for the probability ratios of 
6+-transitions and electron 
capture for the given Eg+ and 
Z= 51. Accordingly, we find 
the following percentages for 
the disintegrations of Sb113; 
to the lower level of Snlis, 
BY transitions 45%, electron 
capture, 19%; to the higher 
level BS transitions 18%, 
electron capture, 18%. The 
log ft values calculated on 

fye22420 the basis of these data are 

ila 1900 i ae and 4.73 for the 4 pcr 

| transitions, respectively. 

630 1260. 2520. ~+~+5780 LLL kt mmm te mec aepe ey splls 


intillation 
i : -Kurie plot for the Bt-spectrum recorded on a sc 
7S cha ial orinnen spectrometer is shown in Fig.6. 


5040 6300 
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Analysis of the spectrum shows that 
there are present y-lines with the 


pe Ue! following energies, corresponding 
to the period of Sb113 (7 min): 320, 

725, 885, 975, 1040 and 1230 kev. 

net The most intense are the 320 and 
1040 kev y-lines. 

bid In addition, our preliminary 
data indicate that there may be 

ae present weak y-lines with energies 

a 1590, 1910 and 2010 kev. 
12800 
5. Sniism 
6400 


In investigating the conver- 
sion electron spectrum of Sb113 on 
the B-spectrometer there were de- 


3050 70.100 100. +150 200. 250 300 


Bias, ¥ Bias, V tected electrons with energies of 
Fig.6. y-Spectrum of Spl13, 49.6, 75.3 and 77.9 kev (Fig.7). 
They were identified as the 
NP aie nef K, L and M conversion elec- 


trons of a 79.3 + 0.5 kev 
transition. It will be evi- 


5 dent from Fig.8 that the in- 
tensity of the K and L elec- 

; 5 tron lines (the M line is 
ass a ire very weak) increases with a 


period Ty/2g = 7-8 min and 
Fig.8. Variation with time then decreases with Ty/2 = 
of the intensity of the K = 21 +1 min. The experi- 
and L conversion electrons mental value for the K/L 
associated with the Sni193m ratio is 1.7 + 0.1. The 


om 145.810 G76 940 79 kev y-transition. theoretical values of K/L 
Hp. Gs cM for Z = 50 and E,, = 80 kev 
Fig.7. K, L and M con- for different multipole orders are listed in fable 2. 
version electron lines From a comparison of the theoretical values with the 
of the Sni13m 79 kev experimental K/L ratio it will be evident that the multi- 
y-transition. pole order of this transition is a mixture of either E3 


(20%) + M2 (80%) or E4 + M3. We believe that the former 
assignment is more probable, inasmuch as all odd tin isotopes have an excited lev- 
el with 11/2-, and since the other levels in this region are usually even, the iso: 


meric transition should involve change in parity. Similar data were recorded for 
Snll3m obtained by the Ca119(q,n)sn113M yeaction. 


Table 2 
Theoretical values of the K/L ratio for different multipole orders for Z = 50 


and Ey = 80 kev (ef.7) 


E1 E2 E3 E4 E5 Mi M2 


M3 | M4 | M5 


K/L | 7,4 | 2,33 | 0,47 | 0, 128| 0,04 | 7,8 | 4,8 | 2,07 | 0,86 | 0,36 
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Thus the results of our experiments show that in the decay of Sbl13, in aa- 
dition to 118 day Snll13, there forms the new isomer Snl13m with T = 21 mine 

We desire to express our gratitude to B.S.Dzhelepov and L.K.Peker for valu- 
able discussions, to Yu.V.Golovko and I,M.Lapushkin for assistance in the work 
and to E.,N.Khaprov and his volleagues for bombardment of the target. 
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INVESTIGATION OF THE LEVELS OF P31 By MEANS OF THE Si30(p,y)P31 REACTION 
- A.K.Val'ter, S.P.Tsytko, Yu.P.Antuf'ev, E.G.Kopanets & A.N.L'vov 


Radiative proton baphune by si30 (Q = 7.292 Mev) was investigated earlier 
by members of our group. -4 In the work of Ref.4, in which thin $130 targets 
were bombarded with monoenergetic protons in the energy range from 0.4 to 1.0 Mev 
there were observed 10 resonances and the corresponding levels in Pl, 

The 8i30(p,y)P31 reaction in this low proton energy range has been investi- 
gated by Broude et al° and a number of other authors; the results of these in- 
vestigations are collected in the review of Endt & Braams”. 

However, there has been only one investigation of this reaction at proton 
energies above 1 Mev: Paul et al’ bombarded their silicon targets with protons 
having energies from 1.7 to 2.3 Mev. 

The purpose of the present investigation was to study the $i30(p,y)P31 re- 
action in the proton energy range from 1 to 2.7 Mev. 


Procedure and equipment 


The monoenergetic protons were obtained by means of the 4 Mev Physical-Tech- 
nical Institute (Ukrainian SSR Ac. of Sci.) electrostatic generator, which is de- 
scribed in Ref.8. The proton energies were measured by an electrostatic analyzer 
to within +0.05%. The thin isotopic targets were prepared by Guseva?; the thick- 
nesses of the $i30 targets were from 2 to 5 kev for 1 Mev protons. 

The y-ray yield was determined by means of a CsI(T1) crystal 3 cm in diameter 
and 2 cm thick, coupled to an FEU-3 photomultiplier. The proton beam charge at 
the target was measured by a current integrator. The sensitivity of the current 
integrator was checked regularly and was found to remain constant to within 1% 
throughout the period of the experiments. 

The y-ray spectra were investigated by means of a scintillation y-spectro- 
meter, which could be operated as a single-crystal instrument or as a two-crystal 
coincidence spectrometer. In the spectrometer there were employed NaI(T1l) crys- 
tals 4 cm in diameter and 4 cm thick, and also crystals 7 cm in diameter and 6 cm 
thick. The crystals were coupled to FEU-43 photomultipliers. The spectrometer 
was operated in conjunction with a 100-channel (type AI-100) pulse height analyz- 
er. The equipment will be described in greater detail in another paper. 

The angular distributions of the gammas were determined from spectra measured 
at different angles. To this end the spectrometer crystals could be rotated about 
the center of the target; the instrument error associated with inaccuracy in set- 
ting the target to crystal distance did not exceed 2-3%. In investigating the y- 
ray spectra and angular distributions, the y-ray yield was monitored by the CsI(T1) 
crystal, which was set at a fixed angle 9 = 90°, 


Measurements of the relative y-ray yield 


The results of measurements of the relative y-ray yield of the Si30 target 
as a function of the proton energy are given in Fig.1 (the background due to y7- 
rays from the tantalum backing has been subtracted from the reproduced curves). 
The energies and relative intensities of the resonances are listed in Table 1. 
The resonance energies have been corrected for the energy loss in the half thick- 
ness of the target. 

The well defined and not overlapping resonances at proton energies 1096, 
1205, 1326, 1393, 1402, 1482 and 1516 kev were investigated in greater detail. 
For these energies we measured the y-ray spectra and angular distributions; the 
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40 1100 1200 1300 1600 1500 = PPAED 


Ep. keV 


Fig.1. Variation of the y-ray yield from the $i°9(p,y)P31 reaction with the pro- 

ton energy (background due to y-rays from the tantalum backing subtracted). Ny/N 

is the ratio of the number of y-rays counted by the detector to the number of 
counts of the current integrator. 


excitation energy of the resonance levels in P3! was determined by means of the 
formula 


Results of investigation of the y-ray spectra and angular distribution 


Investigation of the spectra by the single crystal y-spectrometer was car- 
ried out for four values of the angle @ between the direction of the incident pro- 
tons and the direction to the crystal: 0, 30, 60 and 909; in a few cases we car- 
ried out additional measurements for 9 = 45°. 

The measurements of the coincidence spectra by the two-crystal spectrometer 
were carried out with two geometries. In one geometry the crystal was located 
at angles 9 = 90 and 270°; in the other geometry the angles @ = O and 90°. The 
angular distributions were measured for only the most intense y-lines. 
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Table 1 
Energies and relative intensities of the resonances observed 


in proton bombardment of $130 
ee 


Rela- Pa la= Rela- Rela 
M| on gey (PAVE lz, nev | tive 1 | az. kev [22° | *| x, ney | tive 
Pp’ aha — Dp ’ p in: ae A 
ten— inten— ten— ane 
sity sity sity sity 
0,7 44) 1672 0,6 28} 2093 |0,5 941] 2506 3,4 
) 178 0,2 15| 1697 1,3 29| 2125 0,4 42| 2545 2,0 
3 4205 0.7 MAG le Sante 2,0 30) 2436 {1,0 43| 2550 5,9 
4 4292 OMe Aleit 4,4 34] 2187 6,0 44} 2554 1,5 
i) 1302 0,3 1/48] 41820 1540132) 2493" |f,2 45} 2590 1,4 
6 1326 2,5 49} 41835 2,200). 2247 450 46| 2610 1,3 
7 1393 BA W201 1884 4,0 34] 2225 [2,2 47| 2615 1,0 
8 1402 Zo Nei) Logo 4,0 35] 2305 |1,9 48| 2620 0,7 
9 1482 2,5 22) 24925 1,4 36) 2317 |4,5 49| 2630 i33 
10 1491 1,7 23] 1945 0,7 37] 2355 [4,3 450] 2635 2,6 
14 1516 1,9 24] 1987 0,4 |/38} 2362 41,0 51} 2660 se 
12 1599 0,3 25) ~ 1997 0,3 139} 2378 (|1,1 52] 2665 1,0 
13 1665 0,4 26} 2044 4,2 40} 2394 |0,5 |53| 2704 4,0 
27| 2024 0,9 | 


Ep = 1096 kev resonance and 8.352 Mev level 


The y-ray spectra corresponding to this resonance are reproduced in Fig.2. 
The observed y-rays and corresponding transitions in P31 are listed in Table 2. 

This resonance was one of the weakest and hence it was particularly import- 
ant in investigating it to take into account the y-ray background from the tanta- 
lum backing, which in the given case was commensurate with the effect. The back- 
ground from the backing was measured at Ep = 1085 kev, where the yield from the 
target was minimal ("pedestal" of the resonance peak). The results of these 
measurements are given in Fig.2, a & b (lower points). 

The angular distributions were investigated only for the more intense y-rays: 
7.08 and 1.26 Mev. 

The results of these measurements are given in Fig.2,a & b. The experiment- 
al angular distribution of the 7.08 Mev y-rays after reduction of the experiment- 
al data by the method of least squares was of the form 


Wexp(6) * 1 - (0.50 + 0.10) cos? @. 


Comparing it with all the possible theoretical angular distributions calcu- 
lated for dipole and quadrupole y-transitions to a 3/2 level, we find that the 
most probable in the present case is the 5/2-33/2 dipole transition, for which 
the angular distribution predicted by theory is W(@) = 1 - 0.50 cos2 8; conse- 
quently the assignment for the 8.352 Mev level is 5/2. 


The experimental angular distribution of the 1.26 Mev y-rays was of the form 


Wexp(@) ~ 1 - (0.50 + 0.10) cos2 9. 


This angular distribution is in good agreement with the theoretical distri- 
bution calculated for the cascade transition 


5) (Loman! ee) (Lame pees 


for which W(9@) = 1 - 0.50 cos? 9. 
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ae “8 G 8 by.MeV 
Ey, MeV : 
Fig. ML So S 
Fig.2. Ep = 1096 kev resonance: 4 — soft y-spectrum and angular distribution of 
1.26 Mev y-rays (lower points - packground); b - hard part of the y-spectrum and 
angular distribution of the 7.08 Mev y-rays (lower points - background); c - co- 
incidence spectrum for cascade y-transitions obtained on the two-crystal summing 
spectrometer; sum channel set on the energy of the cross-over transition to the 
ground state. 


Fig.3. Ep = 1205 kev resonance: a - hard part of y-spectrum and angular distribu- 
tion of the 6.23 Mev 7-rays; b - coincidence spectrum for the cascade y-transi- 
tions (sum channel set on the cross-over transition energy) - 
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Fig.4 


Fig.5 


Fig.4, E = 1326 kev resonance: a - hard part of y-Spectrum and angular distribu- 
tion of the 7.31 Mev y-ray; b - coincidence Spectrum for the cascade transition 
(sum channel set on the cross-over transition energy). 


Figvs. Ep = 1393 kev resonance: a - soft part of Y-spectrum; b - hard part of y- 
spectrum; c - coincidence Spectrum and angular distribution of the 7.38 Mev y-rays 
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Table 2 Thus the results of the angular distribu- 
y-rays associated with the tion measurements are consistent with the as- 
1096 kev resonance Signment of 5/2 for the 8.352 Mev resonance lev- 
Y-transition, |Rela_ el in p3l, 
Y—ray MeV tive 
ener ey ace ee sity @ Ep = 1205 resonance and the 8.46 Mev level 
ae aes 1,26 | 80 The y-ray spectra for the 1205 kev reson- 
5,22+0.40 8.352 We : ance are given in Fig.3. The corresponding data 
4,84+0,10 8,352 3,51 2} are summarized in Table 3. 
an a ace oa The experimental angular distribution of the 
3,51+0,10 3,54 0 3 6.23 Mev y-rays was of the form 
PEGS | TB) 8 | 2 
een oe | 1° So ae Woxp(6) & 1+ (0.90 + 0.10) cos? 6. 
*The relative intensities are Inasmuch as these y-rays correspond to a 
referred to the total inten- y-transition from the 8.46 Mev resonance level 
sity of all the y-transitions to a level at 2.23 Mev (spin 5/2+ - Ref.10), 
from this resonance level. comparing the experimental angular distribution 
with all the possible theoretical distributions 
Table 3 for dipole and quadrupole y-transition to a level 
Y-rays associated with the with spin 5/2, we find that the best agreement 
1205 kev resonance is obtained for a dipole 5/2-95/2 transition. 
Hence the spin of the 8.46 Mev resonance 
Y-Fay level should be 5/2. 
energy 
Ep = 1326 kev resonance the the 8.575 Mev level 
7,19+0,10 8,46 1,26 16 . 
6,23+0,10 8,46 a OS Or 40 The y-ray spectra for this resonance are 
3,45+0,10 8,46 5,04 4 shown in Fig.4; the corresponding data are given 
4,27+0,10 8,46 4,19 40 ¢ 
501+0,10 | 5,04 0 4 4 in Table 4. 
4,19+0,10 4,19 ) 40 The angular distribution of the harder y- 
te re pak rays corresponding to the transition from the 
ie eats 8.575 Mev level to the level of 1.26 Mev (3/2+) 
is shown in Fig.4,b. After treatment of the ex- 
perimental results by the method of least squares, 
Table 4 the experimental distribution is of the form 
Y¥-rays associated with the 
1326 kev resonance Wexp(@) © Per (045-240. 10) cos” 0. 
le oops The theoretical distribution and best agree- 
Initial | Final oe ment with this experimental distribution is that 
evel |°*17* gor a dipole 5/2-%3/2 transition for which W(6) = 


= 1 - 0.50 cos2 @. Thus the assignment for the 


7,3140,10 8,575 4,26 74 8.575 Mev level should be 5/2. 

6,44+0,10 8,575 Zee 4 

3 70620'10 8 375 3°51 10 Ep = 1393 kev and the 8.64 Mev level 

4, 38+0,10 8.575 | 4,19 6 an oe ae oa 

eat entsS py 4 a The y-ray spectra associated with the 1393 
3,13+0,10 3.43 0 6 kev resonance are shown in Fig.5. The y-rays 
anita ras 7 observed in the spectra and the corresponding 


y-transitions are listed in Table 5. 


Table 5 
y-rays associated with the 
1393 kev resonance 


r : A 
= ; Y-transition,]|p,)5. 
fae, HOV tive 
energy Initial | Final inten— 
level level sity, % 


7,3840,10 | 8,64 1,26 | 86 
6,44+0,10 | 8,64 eps al, 
5,13+0,40 | 8,64 3,54 4 
3,5140,10 | 3,54 0 4 
2,2340,10 | 2,23 0 | 40 
1,26+0,06 | 1,26 0 | 86 


Table 6 
y-rays associated with the 
1402 kev resonance 


Y-transition, : 

er MESMeENe Wiqert ive 
energy Tnitial| Final |inten— 
level | level |sity,% 

7,38+0,10 8,647 AG) 80 

6,41+0,10 8,647 Doves 4 

Sy ote(0) (0) 8,647 Bile! 16 

Seo OG By, lee. 0 16 

272020) 10 Dede 0) 4 

4,260,410 | ,248 () 80 

Table 7 


y-rays associated with the 
1482 kev resonance 


y-transition, | py 
-ra cla- 
aes yey tive 
Ley inten— 


sity, % 


8,725+0,05 8,725 


(Je) 


BNMNPFrFENN HO 


7,46+0,10 8,725 26 
6,49+0, 10 8,725 123 
5,59+0, 10 8,725 13 
5,24:+0,15 8,725 bt 
4,53+0,10 8,725 19 


4,19+0,10 4,19 
3,51+0,10 3,51 
3,13+0,10 3,43 
223-40 ,04 223 
1,26+0,04 1,26 


COOCOOCORWWNrFO 


it was of the form 
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The experimental angular distribution for 
the 7.38 Mev y-rays is shown in Fig.5,c; itis 
of the form 


Z 
Wexp(@) * 1 = (0.45.+,0,.10)Scose) ¢- 


This, as in the preceding case, is in best agree- 
ment with the theoretical distribution W(@) = 

= 1 - 0.50 cos2 @ given by theory for a 5/2-+3/2 
dipole transition. Thus the spin of the 8.64 

Mev resonance level should also be 5/2. 


Ey = 1402 kev resonance and the 8.647 Mev level 
The y-ray spectra associated with the 1402 
kev resonance are shown in Fig.6. The y-lines 
observed in the spectra are listed in Table 6. 
The angular distribution measured for the 7.38 
Mev y-rays is shown in Fig.6,c; it is of the form 


Wexp(@) ¥ 1 + (0.77 + 0.08) cos” @. 


This experimental distribution is in good 
agreement with the angular distribution W(9) = 
= 1 + 0.75 cos? 9 given by theory for a dipole 
3/2—93/2 transition. All other possible theo- 
retical distributions for dipole and quadrupole 
y-transitions to a 3/2 level are either isotropic 
or comprise a term with cos# 9. 

Thus the assignment for the 8.647 Mev level 
in P31 should be Bye 


Ep = 1482 kev resonance and the 8.725 Mev level 


The y-ray spectra associated with this reso- 
nance are shown in Fig.7. This is the only reso- 
nance in the spectrum of which there are observed 
y-rays corresponding to a cross-over transition 
to the ground state (8.725 Mev line). The ob- 
served y-rays and corresponding transitions are 
listed in Table 7. 

The angular distribution obtained for the 
8.725 Mev y-rays is shown in Fig.7,b. After the 
usual treatment by the method of least squares 


Wexp(0) ¥ 1 - (0.52 + 0.05) cos2 9. 


Comparing it with all the possible theoretical angular distributions calcu- 
lated for dipole and quadrupole transitions to a level with spin 1/2, we find that 
the best agreement obtains for the distribution W(9) = 1 - 0.60 cos2 9 predicted 
by theory for a dipole 3/2-+1/2 transition. Thus the assignment for the 8.725 


Mev level is 3/2. 


Fig.6 


6 Ey, fev 


Fig.7 


aScoye! 
10 Ey,MeV 


ZIZZZZIL LL DAC CELL LLL 
WITT ILL LLL PLL LLL LL f 


872 Ip* 


Fig.6. Ep = 1402 kev resonance: a - soft part of the y-spectrum; b - hard part 
of the y-spectrum; c - coincidence spectrum and angular distribution of the 7.38 


Mev y-rays (sum channel set on the cross 


-over transition energy). 


Fig.7. Ep = 1482 kev resonance: a - soft part of the y-spectrum; b - hard part 
of the y-spectrum and angular distribution of the 8.72 Mev y-rays; c - variation 
of the coefficient a, in the angular distribution for a mixed y-transition (di- 


pole plus quadrupole radia 


tion) with the mixture coefficient 5. 
value of a, is -0.52 + 0.05. 


The experimental 
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Table 8 
7-rays associated with the 
1516 kev resonance 


yY-transition,] poj>_- 
Y-ray MeV tive 


energy [Initial | Final | intecn- 
level level sity, % 

7,90+0,10 8,758 il PAS) 70 

6,53+0,10 8,758 2 De 16 

5, 53:40, 10 8,758 B43 4 

5, 200840 8,758 Del 4 

MSY fa 0 10) 8,758 4,19 6 

4,19=+0,10 4,19 0 6 

3,510,10 Soul 0) 4 

3 13-E05 10 Sera les: 0 4 

2, 230,04 eps. 0) 16 

4,260 ,04 1,26 0 70 


The fact that there is an appreciable di- 
vergence (greater than the experimental uncer- 
tainty) between the experimental value of the 
coefficient a, (-0.52) and its theoretical value 
(-0.60) may be interpreted as the result of a 
small admixture of quadrupole radiation. 

Assuming that the radiation is Ml + E2 and 
taking into account the fact that the ground 
state of P31 has even parity and that in Ml and 
E2 transitions parity does not change, it may 
be concluded that the 8.725 Mev resonance level 
must have spin and parity 3/2+. It is of inter- 
est to determine the mixture coefficient 5 equal 
to the ratio of the E2 and Ml radiations. This 
can be done if one knows the experimental value 
of the coefficient a, and the dependence of 6 on 
the coefficients in the angular 7-ray distribu- 
tion for mixed transitions. This dependence and 
the experimental value of the coefficient a, are 
given in Fig.7,c. It will be evident from Fig.7 
that the value of 5 agreeing with experiment 
equals 0.06 (accordingly, 82 = 0.0036); conse- 
quently, the admixture of E2 to the principal Ml 
radiation amounts to about 0.4%. 


Ep = 1516 kev resonance and the 8.758 Mev level 


The y-ray spectrum associated with this 
resonance is shown in Fig.8; the corresponding 
Fig.8. Ep) = 1516 kev resonance: y-rays and transitions are listed in Table 8. 


a - soft part of the y-spectrum; The highest energy and most intense y-line 

b - hard part of the y-spec- in the spectrum is the 7.50 Mev line. The angu- 
trum and angular distribution lar distribution for these y-rays is shown in 

of the 7.50 Mev y-rays; c - Fig.8,b. It is isotropic. Inasmuch as the 7.50 
coincidence spectrum for the Mev y-rays correspond to a transition from a reso- 
cascade y-transitions (sum nance level (8.758 Mev) to the 1.26 Mev level, thi 
channel set on the cross-over Spin and parity of which are known to be 3/2+, 


transition energy). 


heal 


- 871 - 


ay E1096 eV 1205 = 1326 = «1393~=—S«the 1482 1516 keV 
ops 
Perma nsnesy? Go Te G68 ip E547 e378 he" 15h 


a TTT TTT 


805735 1640404 7446106 86104 80 4 16 9042211 FOW4G4E 
7 (1) M1 (1) (1) (1) Mi (1) 


N 
AS 
~ mH 
SSS 
oS 


Gp 3195 ee ee 
2234 Sot 
2 V2 
JL 4267 In” 
0 000 S55 
ps! 


Fig.9. Diagram of y-transitions between the levels in P31, observed in the y-ray 
spectra for the seven investigated resonance levels. The figures under the reso- 
nance levels indicate the estimated transition intensities. 


the experimental angular distribution must be compared with all the possible theo- 
retical distributions for dipole and quadrupole transitions to a level with spin 
3/2. An isotropic distribution in this case is predicted by theory for 3 types 

of transitions: 1) dipole 1/2-93/2, 2) quadrupole 1/2-»3/2, and 3) quadrupole 
3/2—33/2. Consequently, the spin of the 8.758 Mev resonance may be either 1/2 or 
Bia. 


Transition Diagram and Discussion of the Results 


On the basis of the experimental results we propose the y-transition diagram 
shown in Fig.9, where there are indicated only the p31 levels that were observed 


in the present work. The energies of the low lying levels are given in accord 


with the most accurate available datall, the spins and parities were taken from 


meotse? & 10. 
We evaluated the relative intensities of the branched transitions on the basis 


of the measurements of the areas under the y-line peaks, mainly in the coincidence 
spectra. The error in the intensity evaluations amounts to about 20% in most cases; 


only for the weakest y-lines may the uncertainty be as great as 50%. 

As the results of our angular distribution measurements showed, all theyy- 
transitions to the first excited level and ground state of P31 are dipole transi- 
tions. In these cases there was not detected any noticeable admixture of quadru- 
pole radiation, except for the transition from the 8.725 Mev resonance level to 
the ground state which appears to be mixed Ml + E2 (0.4%). Hence it was feasible 
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to make a definite spin and parity assignment only for the 8.725 Mev resonance 
level: 3/2+. 

One can, however, indicate the most probable parities for the other two reso- 
nance levels. Thus, for instance, one can attribute odd parity to the 8.647 Mev 
resonance level (3/2); then the transition from this resonance level to the 1.26 
Mev (3/2) level must be El and the transition to the ground state of P31 M2; this 
may not be observed owing to its low probability compared with the probability for 
El radiation, which is not in conflict with experiment. If one accepts even pari- 
ty for the 8.647 Mev level, the transition to the 1.26 Mev (3/2+) level would be 
Ml and the transition to the ground state of P31 would be E2. The last would then 
be noticeable in the spectrum, while in actual fact an 8.647 Mev line was not ob- 
served in the spectrum. Consequently, the most probable assignment for the 8.647 
Mev level is 3/2-. 

One can assign only positive parity to the 8.46 Mev (5/2) resonance level. 
Then the most intense transition to the 2.23 Mev (5/2+) level should be of the Ml 
Eyes and the transitions to the 1.26 Mev (3/2+) level and the ground state of 
psl (1/2+) should be E2 and Ml, which is not in conflict with experiment. If the 
parity assignment for this resonance level were odd, the above mentioned transi- 
tions would be El, M2 and E3, respectively. But such transitions as M2 cannot 
compete with El transitions and be observed with comparable intensities. Hence 
the logical spin and parity assignment for the 8.46 Mev level is 5/2+. 

We desire to express our deep gratitude to M.I.Guseva for preparation of the 
isotopic targets and the staff of the electrostatic accelerator, headed by A.A. 
Tsygikalo & Yu.A.Kharchenko, for insuring operation of the accelerator. 
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TOTAL IONIZATION PRODUCED BY ALPHA-PARTICLES IN GAS MIXTURES 
- G.E.Kocharov 


The limiting resolution of an ionization Q-spectrometer is determined by 
fluctuation in the number of ion pairs produced by an Q-particle in the working 
gas. The fluctuation in the number of ion pairs is given by 


| TA ATS 
; VANES ae 
te VF. = 


where N = E/U is the number of ion pairs produced by an Q-particle, E is the a- 
particle energy, U is the mean energy necessary for production of one ion pair, 
and Ff is a parameter dependent on the type of gas. 


It will be evident 


Table 1 from the experimental 
Comparison of the mean ion pair production energy with data listed in Table 1 
the ionization potential of different pases that the mean pair pro- 


Ionization 
potential, 
ev 


Mean pair pro- 
duction energy, 
kev 


Energy of duction energy generally 
first excited exceeds the ionization 
level, ev potential. This is due 
to the fact that the Q- 


Gas 


Helium 19. 7 particle expends part of 
Neon 16.6 its energy on excitation 
Argon 11.5 of the gas atoms. It is 
Krypton 2h) obvious, therefore, that 
Xenon 8.3 to increase the number 


of ion pairs produced 
one must utilize the atomic excitation energy for ionization. 

If one adds an impurity to the parent gas and the ionization energy of the 
impurity is less than the excitation energy of the atoms of the parent gas, one 
can obtain an additional number of ion pairs by the reaction 


ARMA CASA TO} em, 


where Ais an atom of the parent gas, and A; is an impurity atom (molecule). 

The maximum increase in ionization is realized when the ionization energy 
for the impurity is less than the energy of the first excited state of the parent 
gas atoms (Table 1). : 

In experiments carried out by the writer in collaboration with Kirshin™ it 
was found that the addition to argon of small amounts of benzene and toluene re- 
sults in 15 and 10%, respectively, increase in ionization. Melton et al2 observed 

an increase of 29% in ionization as a result of addition of 0.5% acetylene to ar- 
on. 

P Hence use of a mixture of gases, leading to increase in the number of ion 
pairs produced, allows of increasing the energy resolution of an ionization cham- 
per3-5, It is known that the pulses appearing on the high voltage electrode and 
on the grid of the ionization chamber are utilized both for determining the angu- 
lar distribution function and for “electric collimation. The shape of the grid 
and high voltage electrode pulses depends on the size of the Q-particle tracks. 

Hence it is important to make sure that secondary processes (ionization due to 
second order collisions) do not lead to substantial distortion of the tracks. 
Otherwise the accuracy of angular distribution measurements is reduced. In con- 
nection with this it is necessary to determine the time for secondary processes. 
This in turn, allows of determining the distortion of the Q-particle tracks. 
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For elucidation of the above let us consider the 
specific case of argon. In the diagram of the low 


2 1,82 €V lying levels of argon, shown in the accompanying fig- 
fe 1,72 eV ure, the levels P? and P? are metastable, while the 
e 1,62eV levels P* and Pj are resonance levels. Inasmuch as 
ay 1, 54 eV de-excitation of higher lying levels occurs mainly 


by cascade transitions via lower levels®, we need 
consider only the low lying levels. The possible 
modes of de-excitation of these levels are the fol- 
lowing: 

1. In a collision with a normal atom the excited 
Low lying levels of argon. atom may decay to the ground state by emission of 

radiation. The probability for this effect is pro- 

portional to the gas pressure, and the mean time for the process is- Lmwl/Ko-. 

2. As a result of a three-body collision there forms an excited argon mole- 
cule by the reaction 


A°T+A+A=A,+A4. 


The mean time for this process is 7,= 1/Bp?. The excited argon molecule decays 
to the ground state within a time 7,,= 3.5 microsec”, emitting radiation of ener- 
gy ~10 ev. 

3. The excited atom, encountering an impurity atom (molecule), decays to the 
ground state. In this case the de-excitation or quenching may occur by one of 
the following reactions®: 


A*+A,>A+4 A}+AE; (2a) 
A*+A,—>A+ Al 4+ +48; (2b) 
A*+ A,B, >A+ A,+B,+AE; (2c) 
A* + A,B, —> AA, + B, + AE; (2d) 


here A* is the excited argon atom, A,is an impurity atom, and A,B, is an impuri- 
ty molecule. 

It follows from the kinetic theory of gases that the lifetime with regard to 
such processes is 7; = 1/Nov, where Nis the impurity concentration, v is the 
mean relative velocity of the interacting particles, and o = X>5, is the total 
cross section for interaction resulting in de-excitation, i.e., the sum of the 
cross sections for all the reactions. 

4. De-excitation occurs by emission of radiation. For the metastable levels 
(P; and Pj) the mean lifetime is of the order of 10-3 sec. The resonance radia- 
tion emitted by the atom in de-excitation of the P} and P} levels is with high 
probability absorbed by another atom, i.e., there usually occurs energy transfer. 
According to Holstein, the duration of this process lies in the range from 1075 
to 107% sec. 

It can be shown that the time for realization of processes (2) under the 
usual conditions of operation of an ionization Q-spectrometer is less than 107-7 
sec (Table 2). Hence de-excitation by emission of radiation can be disregarded. 

In addition to the above mentioned modes, de-excitation may occur in other 
ways. For example, in a collision of two excited atoms, one of them may be ion- 
ized. However, the probability for this process in the range of low concentra- 
tions of excited atoms is very small. An excited atom may diffuse to the wall 
and interacting with it decay to the ground state. This process is significant 
only at low pressures (a few mm Hg) and in small chambers. 
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Table 2 
Cross sections for some atomic reactions 
3 ; Tonization Total cross Ionization Increase in De-excita- 
mpurity potential, section o, cross sec- ionization, tion time, 
ev tion o , % 10-8 sec 
1 Meee meee eee es ee ee es 
Benzene 9.6 22 4 21 0.4 
Acetone 10.1 18 a 8 = 
Ethylene 10.6 a 08S 10 2 
Propane a ial gr’ 2 Os 74 12 1 
Acetylene 11.4 6 1.8 29 2 
Ethyl 
alcohol eR 6 af 15 1 


The mean lifetime of an excited atom can be determined from the expression 
1/T = Kp+ Bp? + Nov. 


According to the data of Futch & Grantl0, even at pressures as low as 70 mm 
Hg Bp? > Kp. Inasmuch as the working pressure in an ionization spectrometer is 
usually substantially greater, the first term on the right in the above equation 
can be dropped, and we can write 


4/T = Bp? + Nov. (3) 


Above it was noted that an excited molecule decays by emission of radiation 
within an average time of 3.5 microsec. This radiation can ionize the impurity. 

Thus increase in ionization can be realized either by means of reaction (2b) 
or at the expense of the energy of the excited molecules. According to the data 
of Bertolini et alll, the pulse rise time on the collecting electrode of an ion- 
ization chamber upon introduction of an impurity gas decreases and becomes less 
than 0.5 microsec. This shows that the contribution from excited molecules to 
the increase in ionization is small. 

It follows from Eq.(3) that with increase in the impurity concentration the 
total number of ion pairs must increase. According to the data of different au- 
thors2;11,12 the total number of ion pairs increases with increase of the impuri- 
ty concentration up to a maximum at a certain concentration J,,. With further 
increase in the impurity concentration the number of ion pairs does not change. 

At very high impurity concentrations, however, the number of ion pairs decreases 
owing to the effect of S-electrons.13 The fact that the total number of ion pairs 
remains constant within a certain concentration range gives reason to assume, as 
was done by Jesse & Sadauskisl2 for the case of He, that all the excited gas atoms 
decay to the ground state by the reactions (2,a-d). 

Obviously, for 50% increase in the number of ion pairs there obtains equality 
of the probabilities for the two processes, Meals 


Bp? = Ny,ov. (4) 


Having determined experimentally the impurity concentration /V:, for 50% in- 
crease in ionization, one can find the cross section ©. (Obviously, the cross 
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section can be determined not only from increase of the ionization at the concen- 
tration \,, but for any other impurity concentration.) 

The cross sections determined for some reactions are listed in Table 2. In 
column 4 we give the values of o for ionization (reaction (2b)). In evaluating 
this cross section it was assumed that 40% of the Q-particle energy is expended 
on excitation. In column 6 we list the values of the mean time for de-excitation 
owing to collisions with impurity atoms. This time was calculated for a pressure 
of 1 atm and an impurity concentration corresponding to the maximum increase in 
ionization. 

On the basis of the diffusion coefficient for argon atoms?° one can deter- 
mine the distance travelled by an excited atom during its lifetime. At a pres- 
sure of 760 mm Hg an excited argon atom travels a distance less than 1 w during 
its lifetime of 107-8 sec. This result indicates that there occurs virtually no 
broadening of the particle track. Moreover, it may be assumed with good approxi- 
mation that the primary electrons and ions are "“stationary'’ during this de-excita- 
tion period. 

Thus the addition of impurities to argon or other noble gas filling the cham- 
ber leads to increase in the number of ion pairs produced without impairing the 
operating parameters of the chamber. 

I desire to express my gratitude to A.P.Komar for valuable comment. 
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CONCERNING THE OPERATION OF PROPORTIONAL COUNTERS 
- G.A.Korolev & G.E.Kocharov 


Introduction 


According to the present understanding of the operating mechanism of propor- 
tional counters, the addition of a polyatomic impurity to the noble gas results 
in a decrease of the gas multiplication factor A and in increase of the threshold 
voltage.1,2 As a result, the slope of the multiplication versus filament voltage 
curve is reduced and the operation of the counter becomes more stable. 

However, the theory of operation of proportional countersl;2 does not take 
into account the additional ionization owing to second order collisions in the 
presence of an easily-ionized impurity. Hence the addition of such an impurity 
may result in increase of A. 

A detailed investigation of the properties of argon + methane mixtures show- 
ed that when small quantities (<6%) of methane are added the gas multiplication 
factor does not fall off, but on the contrary, increases. In order to detect small 
changes in A it is necessary to have a counter with good energy resolution. The 
energy resolution of a proportional counter depends on its geometry and operating 
conditions. Thus, before discussing our experimental results, it is necessary to 
examine the operating characteristics of proportional counters. 


Description of the proportional counter and its operating characteristics 


The proportional counter in question was designed for detecting conversion 
electrons for coincidence counting with Q-particles registered in an ionization 
chamber.3,4 The cathode is a truncated brass cylinder, 10 cm in diameter and 20 
cm long. The counter base has a circular opening 2 cm in diameter to receive the 
film source. The anode is a 50 micron diameter platinum wire. The design provides 
an effective 2x geometry for large sources. To keep the particle range within the 
counter, the specified operating pressure is 1.3-1.5 atm. 

In investigating the operation of the counter we used a U234 source (4.768 
Mev Q-particles) , while to check the resolution we employed a natural mixture of 
uranium isotopes. 


Equipment 


In studying the Q-particle spectra the pulses from the proportional counter 
were fed, via a preamplifier, an amplifier and a limiter, to a 28-channel pulse 
height analyzer. The gas multiplication factor was measured by varying the gain 
of the main amplifier. 

In the“ionization chamber regime"the pulse is determined mainly by the elec- 


trons. In the case of gas multiplication positive ions begin to play a more in- 


portant role. Calculations show that for the particular geometry selected, using 
argon as the working gas in the counter, the pulse rises to half of its maximum 
height in ~30 microsec. In order to obtain a regular gas multiplication curve it 
was necessary to provide a sufficiently large time constant in the differentiating 
circuit (400 microsec). 


Energy resolution 
The limiting half-width of the line is determined by fluctuation of the pri- 


‘mary ionization and the gas multiplication factor A. For A» 1 the line half-width 


does not depend on the multiplication factor up to a certain critical value Aor} 
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its dependence on the primary ionization is given by the relation 


AE gee 36 


EB Ym’ 
where m, is the number of ion pairs produced by a particle. The value of Agcy is 
characterized by® 
EAgy 24108 ev. 

It is evident that this relation imposes a limitation on the possibility of 
utilizing large values of gas multiplication for high-energy particles. For gas 
multiplication factors greater than Agcy, the pulse height begins to be affected 
by space charge. This effect is more pronounced for particles emitted perpendicu- 
lar to the filament as well as for high gas pressures. The line half-width ob- 
tained in practice is always greater than the theoretical half-width, and the dis- 
crepancy increases with the particle energy. This is due to the fact that for 
higher particle energies the relative contribution from the statistical pulse 
scatter decreases. The main contributions to the half-width stem from factors 
having to do with imperfections in the design or operation of the counter. 

Below we shall consider the most important factors responsible for pulse 
scatter. 

1. Instability of the filament voltage. Since the gas multiplication factor 
varies exponentially with voltage, the voltage must be closely regulated (stabili- 
ty)<105%)< 

2. Nonuniformity and eccentricity of the filament. Variations in filament 
diameter can contribute up to 1% to the line half-width. Thorough cleansing of 
the filament is recommended. Tests have shown that eccentricity does not play a 
significant role. 

3. End effects. The weakening of the field at a distance of the order of 
the radius from the end of the counter causes the appearance of a low-energy tail. 
This effect can be minimized by using a large length-to-diameter ratio and by pro- 
viding shielding electrodes to correct the field inhomogeneity. 

4. Attachment to electronegative impurities. In this case the pulse height 
will depend on the spatial location of the particle trajectory. This effect can 
be eliminated by purifying the gas. 

5. Noise. The contribution to the line half-width from noise in proportional 
counters is usually negligible. Noise is most detrimental in detecting low-energy 
particles. However, by choosing a sufficiently high gas multiplication factor it 
is always feasible to obtain a good signal-to-noise ratio (at least 100 to 1). 

Other factors such as, for instance, instability of the amplifier and analyz- 
er, changes in gas pressure, large source thickness, etc. are generally minor, and 
made a significant contribution to the line half-width only in exceptional cases. 

For 4.5 Mev Q-particles in the case of an argon-filled counter the relative 
line half-width due only to fluctuations in ionization and gas multiplication 
amounts to about 0.55%. In our tests with a gas multiplication factor of 5, the 
half-widths of the Q-lines of U238 and U234 equalled 1.7 and 1.9%, respectively 
(Fig.1). The counter was filled with spectroscopically pure argon at a pressure 
of 1.3 atm. The high voltage source was a VS-10 unit (stability 0.001%). 

Apparently, end effects contribute greatly to the line half-width. In addi- 
tion, some pulse scatter is caused by space charge. Owing to these two factors 
the half-width of the U234 line is somewhat greater than that of the U238 line. 

It was also found that the half-width increases with increase of the multiplica- 
tion factor. This is explained by increase in the effect due to space charge. 
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Gas multiplication curves 


Fig.2 shows the gas multi- 


plication curves for different 
mixtures of argon and methane. 
All the curves were recorded 

at the same pressure: 1.3 atm. 
It will be noted that for small 
amounts of methane the multi- 
plication factor of the mixture 
is greater than for pure argon. 


Operation of proportional 
counter filled with a mixture 


of gases 


The theory of the operation 


Gees a Ne of proportional counters was de- 
3 veloped by Rose & Korff6. These 
Fig.1. Alpha-particle spectrum obtained for a authors deduced an expression 
natural mixture of uranium isotopes. Gas multi- for the multiplication factor 
plication factor 5; gas pressure 1.3 atm. on the basis of the following 
assumptions. 
4 1. The photon mechanism 
iA eles deg e is absent, i.e., the contri- 
5 RX] & © & bution of UV photons to the 
ory ay Vy. ~ formation of secondary elec- 
ox _/9 trons is negligible. 

, aif 2. Secondary electron 
WIS emission by positive ions at 
LE the cathode can be neglected. 


es Ly 
i SS — ave 


ars et 
g 400 800 7200. 1600 2000 2400 2800 YV,V 
Fig.2. Gas multiplication factor versus filament 
voltage for different mixtures of argon and methane 
(CH4 content indicated in percent at the curves). 
Aspec = spectroscopically pure argon. 


mined b 
the filament: 


3. Fluctuations in ion- 
ization and electron attach- 
ment to electronegative im- 
purities are insignificant. 

Analyzing these assump- 
tions, Rose & Korff came to 
the conclusion that their 
theory is valid for monatomic 
gases in the range of multi- 
plication factors up to 100 
and for polyatomic gases for. 
factors up to 104. 

Below we shall show that 
the theory of Rose & Korff 
is not valid for gas mixtures 
wherein electrons can be pro- 
duced by secondary collisions. 
It is known that the gas mul- 
tiplication factor is deter- 


y the number of ionizing collisions undergone by the electron in moving to 
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ra 
7 adr, 
where 7, is the filament radius, 7’a the radius where the avalanche begins, and 
a is the number of ion pairs produced by the electron per unit path length. The 
value of a, the first Townsend coefficient, depends on the nature of the gas, the 
gas pressure and the field strength. 

If there are NV atoms or molecules per unit volume, a = No, where o is the 
ionization cross section. Experimental data2 show that up to an electron energy 
of 50 ev. is a linear function of the energy, i.e., o=ae, where © is the mean 
electron energy above the ionization potential. The value of a4 is known for many 
gases2. Thus the gas multiplication factor is equal to 

ra, 
aN \e r 
A=e J es ; (1) 

It follows from Eq.(1) that the multiplication factor depends on the gas 
pressure (through N), on the nature of the gas (through a), and on the geometry 
and operating conditions of the counter (through 7), ra and ®). 

By way of illustration let us consider a mixture of A and CH4. The coeffi- 
cients a for argon and methane are 1.81 and 1.24, respectively. Hence for the 
mixture a will be smaller than for pure argon. It is known that the addition of 
a polyatomic gas to a monatomic gas results in decrease of the mean electron ener-~ 
gy, other conditions being equal. With a decrease in the mean energy, 7, also de- 
creases. Thus, according to Eq.(1), in a mixture of argon and methane the gas 
multiplication factor must be smaller than in pure argon. True, for high concen- 
trations of methane some reduction of the factor is observed (Fig.2). However, 
for amounts of methane under 6% the opposite effect obtains. This anomaly may 
stem from the fact that in the work of Rose & Korff only ionization by electrons 
was taken into account. Actually the addition of an easily ionizable gas leads 
to additional ionization due to secondary collisions between excited atoms of the 
parent gas and the impurity atoms: 


AT+A,>A+LAl +6448, (2) 


where A* is the excited atom of the parent gas, A, is an atom or molecule of the 
impurity, and AX is the change in the kinetic energy of the colliding particles. 

Argon has more than a hundred excited levels with energies above the ioniza- 
tion potential of methane. Thus in collisions between excited argon atoms and 
methane atoms the latter may be ionized. A ~2% increase in ionization was observ- 
ed in a grid ionization chamber upon addition of methane to the parent argon. This 
is explained by the fact that some of the argon atoms, excited by the Q-particles, 
encounter impurity atoms and ionize them. The increase in ionization due to the 
primary excited atoms* leads to increase in the pulse height in the ionization 
regime of the chamber, and, of course, cannot increase the gas multiplication fac- 
tor. In the vicinity of the filament (7<,r,) the electrons not only ionize the 
gas atoms, but excite them as well. Moreover, there exists a certain region 
TaSr<re Wherein there occurs only excitation. Evaluations show that the main 
contribution to the increase in the gas multiplication factor is made by those 
atoms which are excited in the ra<r< re region. 


*By primary excited atoms we mean atoms which are excited by the initial 
charged particles, in this case the d-particles,. 
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In collisions of excited argon atoms with impurity molecules, in addition 
to reaction (2), there may occur other de-excitation processes. Consideration 
of this matter’ shows that in the case of mixtures of argon and a polyatomic im- 
purity reaction (2) has a high probability and that the lifetime of the excited 
atom with respect to ionization of the impurity is 107-7-10-8 sec. Increase of 
the multiplication factor by introduction of an impurity gas is possible in all 
cases when the ionization potential of the impurity is less than the excitation 
energy of the parent gas atoms. 


We desire to express our gratitude to A.P.Komar for his interest in the in- 
vestigation and stimulating discussions. 
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ATOMIC MASSES OF TIN AND ANTIMONY ISOTOPES 
- R.A.Demirkhanov, T.I.Gutkin, 0.A.Samadashvili & I.K.Karpenko 


The masses of tin 116, 117 and 120 were measured for the first time in 1950 
on a double focusing mass spectrograph by Duckworth & Preston, However, owing 
to the low resolution of the mass spectrograph (~7000) and the procedure of step 
comparison of masses of Snl16 and Sn120 with the secondary standards H! and cl2 
there resulted appreciable errors in the values obtained by these authors. 


Table 1 


Mass doublet differences and isotope masses 


Doublet | Av, 10-3 amu 


Mass of light 
component, aMU 


cea aa Syn H6 
9: on 
2 LG 
C;°H, — Sn 


160, 970-£0,050 
167 ,535-0,040 


115, 938590+50 
116, 940170440 


Cy'Hy) — Sn* 176 , 8550 , 045 117, 938990+50 
Cy Hy, — Sn? 182, 980-40 ,040 118,941010+40 
Cal sain 191, 8800, 045 119, 940250450 


cPH.O, — Sb! 
c?H,O, — Sn 
CPH,, — Sb? 
Ci?H,, — Sn’4 


125, 340-0 ,040 
133, 6400 ,040 
213 ,5000, 050 
220, 2400, 070 


120, 942140240 
124 ,941900+40 
122 , 943060450 
123 , 94446070 


Tabless 
Mass defects 
(10-4 aMU; all negative) 

Isotope ac eae Halsted© [udeworend Duckworth® Wapstra® 
on 614,140,5 607 ,341,3 614,847,0 611,5=3,0 610,35 ,0 
Sree 598, 30,4 594,8+1,0 579, 2+4,7 598 , 23,0 598 , 05 ,0 
Sys 610,4=40,5 602, 2:41 ,6 — 607 ,2+2,5 607 05,0 
Snil9 089, 9-£0,4 997,621, 2 — D905 c22,0 590,0+5,0 
Sni?0 597 , 50,9 594,1£1,4 598 , 847 ,2 596, 71,4 599, 4:+5,0 
Sheet 578, 60,4 574,0+2,0 —_ O¢ hgeceas) 580, 0+5,0 
Sni24 580,1+0,4 len Waele — 576, 842,5 9/9,02-5.0 
Sbi8 969, 4+0,5 590, 0+2,0 ~- | 566, 44+2,5 569 ,0+5,0 
Sie doo, 40,7 pote Ozetet — p01, 2+3,0 594,65 ,0 


’ 


Halsted? avoided step comparison and measured the masses of all tin isotopes, 
except for the scarce Snl12 and Sn114, on a double focusing mass spectrograph with 
a better resolution than that of Duckworth & Preston. 

To the best of our knowledge there have been hitherto no mass spectroscopic 
measurements of the masses of antimony isotopes. 

In the present report we give the results of new mass measurements for tin 
and antimony isotopes, which are of interest for determining nuclear binding ener- 
gies in the region of the magic number Z = 50. The measurements were carried out 
by the doublet method on a double focusing mass spectrograph. 3 For enhanced ac- 
curacy the mass determinations were carried out with reference to doublets in which 
their arty OE poresd, bs ions were compared directly with the heavy molecules contain- 
ing Hl, C°“ and 046, For obtaining the doublets there were used in the canal-ray 
type ion source pairs of the substances: Sn(CH3) 4, SbC13, CoHj9 and C7Hg0o. 


Typi- 
cal doublet spectrograms are reproduced in the accompanying figure. a 
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4 3 SABOES, Wee coat ces aerial, CE5e 
“a ‘ B42 13 12 
st ee THO, c Cs Hy c Cg Hg 0, 


eraser 


Typical mass doublets. 150 X. 


In Table 1 we list the values of the doublet mass difference AM and the cal- 
culated atomic masses of the isotopes. The doublet mass differences were calcu- 
lated by the procedure described by Mattauch & Waldman4 using three dispersed 
lines. For calculating the masses of the tin and antimony isotopes there were 
used the values H! = 1.0081423 + 6 and Cl2 & 12.0038247 + 27, measured on the 
same set-up. The high resolution of our mass spectrograph (~100 000 — 120 000) 
enabled us to resolve doublets of the type 

CHO” — C8Ch_sHn 0%" 
at all measured mass numbers and to avoid thereby superposition of the line associ 
ated with C13, Comparable resolution for heavy masses has not hitherto been at- 
tained in other similar mass spectrographs, which is why many other authors were 
forced to introduce corrections for the presence of the unresolved C13 component2. 

To check for the absence of systematic errors there were measured three con- 


trol doublets at the mass numbers 121, 122 and 123 with known mass differences, 
namely, 


CCPH, — C??H,02 = (68.35+0.05)-10-8 amu 
ClHy.—CPH.O, =(72.73+0,04)-103 amu 
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CyH,; — C8C?H,0, = (77.31+0.05)- 10-3 amu. 


The values obtained indicate that our mass spectrometer was properly ad- 
justed. 

In Table 2 we list the mass defects for the tin and antimony isotopes cal- 
tulated on the basis of the data of Table 1. For comparison we also give the 
ass defect values obtained by other authors. In most cases our values agree 
vithin the limits of the experimental error with the data of other authors, ex- 
sept for the mass spectroscopic measurements of Halsted”, which lie consistently 
9elow ours. 

From the values of Table 1 one can also calculate the mass differences be- 
[ween neighboring tin and antimony isotopes and then compare them with the dif- 
ferences calculated on the basis of nuclear reaction Q values and data obtained 
in investigating radioactive decays. These mass differences are listed in Table 
3, from which it will be seen that in most cases there is satisfactory agreement. 

We desire to express our gratitude to E.E.Baroni, T.N.Lebsadze and V.M. 
Shoniya for making available the organic and metal-organic compounds and to V.F. 
Moskovskii and G.A.Dorokhova for assistance in the work. 
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ALPHA-DECAY TO ELECTRON CAPTURE RATIOS FOR P0200, Po201 AND P0203 
- B.N.Belyaev, A.V.Kalyamin & A.N.Murin 


The present work was concerned with determination of the ratios between the 
probabilities of decay with emission of an Q-particle and by electron capture 
for polonium 200, 201 and 203 formed as a result of bombardment of Bi209 with 
high energy protons. Direct measurement of the fraction of AQ-decays and E-cap- 
tures for these Po isotopes is difficult owing to the presence of a large number 
of different Po isotopes with complex decay modes. 

One can, however, indirectly determine the number of nuclei undergoing Q- 
decay and E-capture by comparing the activities of the investigated isotopes with 
the corresponding activity of an isotope for which the Q@-decay—E-capture ratio 
is known. As our reference isotope we chose Po206 for which 


oa 5 + 1%, 
E+a 

The investigated polonium isotopes were obtained by bombarding Bi with high 
energy protons in the synchrocyclotron of the Joint Institute for Nuclear Research 
for a period of 10 to 20 min. The targets were prepared of bismuth oxide, com- 
pressed into pellets. The Q-activity measurements were performed by means of an 
ionization chamber with a 3l-channel pulse height analyzer, and were started 40-50 
min after the end of proton bombardment. We recorded the Q-particle spectra and 
measured the intensity of the Q-lines of the investigated Po isotope at different 
instants. 

Then by extrapolation of the Q-decay curve we determined for each Po isotope 
the intensity of its Q-particle group, corresponding to the time of end of proton 
bombardment. These intensities were compared with the intensity of the Q-line of 
the reference isotope Po296, The Po isotopes were identified from the Q-particle 
energies and the decay periods. The chamber geometry and operating conditions 
were such that the half-width of the peak corresponding to the 5.108 Mev Po208 
Q-particles was 28-32 kev. 

In the experiments we used mechanical collimators (diameter 9-10 mm, thick- 
ness 150-200 yp, cells 120-150 uw), which provided for adequate resolution of the 
peaks corresponding to Q-groups of close energies. Owing to the appreciable back- 
ground due to conversion electrons, in investigating the Q-particles from short- 
lived Po isotopes the resolution was somewhat impaired and the line half-width in 
the case of different targets varied in the range from 35 to 40 kev. By way of 
illustration two of the Q-spectra are reproduced in Figs.1l and 2. 

The Po isotope sources for the alpha-chamber were prepared by electrochemi- 
cal deposition of the polonium from 2n HCl onto polished silver disks. 

The fraction of Po nuclei undergoing E-capture was determined by the method 


of chemical separation of the daughter products (Bi, Pb and T1) forming in the 
following decay chains; 


po206__#_,»,206___E _»,,206 
9.5 days 6.3 days 


20 Sa ee 205 E___, Pp205 
Pose Tisehetionk ts TAgSedava sae 


E E E 
Po2038_-__p4203__" _,pp203_E 1 203 
Oe adimin ot el aches Race oe 


POTTS mine Toe ee gra et gout 


P9200__E >Bi200__E p200__E 200 —E 200 
: 13.6 by’ Bete nen 


10 min 35 min 
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The yields of 
daughter nuclei 
undergoing E- 
capture were de- 
termined by means 
of a 4x scintil- 
lation counter.1 

In order to 
minimize the er- 
rors connected 
with losses inci- 
dent to chemical 
separation and 
with the appreci- 
able difference 
between the decay 
periods, an inter- 
nal reference was 
chosen in each 
fraction. Thus 
the yield of 
P0200 and Po201 
nuclei was deter- 
mined relative to 
the yield of P0203 
nuclei; the yield 
of Po293 nuclei 


f 7 13 19 
Channel No. 


Fig.1. Alpha-spectrum of Po 
isotopes. The energies at 
the peaks are in Mev. In- 
terpolation of the curves 
between the points close to 
the peaks was carried out 
taking into account the ex- 


perimentally determined line PL aelenan Sh was determined 
half-width in the given Fig.2. Alpha-spectrum of relative to the 
energy region (35-40 kev). Po isotopes. yield of P0205, 


the yield of Po295 
nuclei was determined relative to the yield of Po206, This enabled us in the final 
analysis to refer the number of Po200, po201 and Po293 nuclei undergoing electron 
capture to the total number of Po296 nuclei. 

The radiated target was dissolved in 6n HCl; the Po was extracted with an 
organic mixture of 20% tributyl phosphate plus 80% dibutyl alcohol and re-extract- 
ed in concentrated nitric acid for purification from the main mass of radioactive 
products. The polonium was then separated from the HNO3 solution diluted to 2n 
by electrochemical deposition for 2-3 min onto a silver plate. The elapsed time 
from the end of bombardment to deposition on the silver plate was 30-40 min. After 
some 9-10 hours the daughter products were washed off the silver plate with 1n HNOg. 
The Bi and Pb were separated from this solution in an ion exchange column filled 
with KU-2 resin in the N form2, 
| Then for the Bi fraction we determined the ratio of the number of Po203 nuclei 
(from the build-up and decay of Pb203) to the yield of Po205 (from the decay of 
Bi205), For the Pb fraction we determined the ratios of the numbers of Po200 and 
P0201 nuclei (from the number of Pb290 and Pb201 nuclei) to the yield of P0203 
(from the decay of Pb293), 

The numbers of Pb200 and Pb291 nuclei were determined by repeated separation 
of the daughter isotopes T1200 and T1201 by the method of distributive chromato- 
graphy. In the process we determined the period of Pb200 and Bet stg ee . 
and 8.4 hours, respectively. In calculating the numbers of Pb and Pb nuclei 
formed from Po200 and Po201 we took into account O-decay of P0204(a/(E + Q) = 1%) 
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and of P0295 (Q@/(E + a) = 0.074%). 

In the Bi fraction, built up from the polonium over a period of 2-4 days, 
we determined the ratio of the number of Po295 nuclei (from the decay of Bi205) 
to the yield of Po296 (from the decay of Bi206) , 

As a result there were obtained the following ratios for the investigated 


polonium isotopes: 


3 a 
E+aQa 

200 0.80 + 0.23% 

201 0.79 + 0.31% 

203 ~0.02% 


For Po203 we could only make a rough evaluation of the fraction of O-decay, 
inasmuch as accurate measurements were hampered by the low intensity of the Q- 
particles. The error is given as the standard deviation for a number of experi- 
ments; it includes the error in determining Q/(E + Q) for P0206, If this last is 
disregarded, the ratios for Po200 and P0201 become 0.80 + 0.17% and 0.79 + 0.26%, 
respectively. 

The new more accurate half-life values are the following: 


Isotope ag 

Pol99 11.2 + 0.3 min 
P0201 17.5 £1.5 min 
P0202 44.5 + 1.5 min 
P0204 3.54 + 0.25 hr 
P0206 9.5 + 0.8 days 
Pp200 12.6 + 1.4 hr 


Our periods for Po202 and Pb200 gitfer somewhat from the periods given in 
the standard tables3,4 . Our period for Po202 is in better agreement with the 
more recent data of Atterling & Forsling®. By way of illustration the Q-decay 
curve for Po292 is reproduced in Fig.3. 

The results of measurement of the @/(E + Q) ratios for Po290, po201 ang po203 
enabled us to determine the partial Q-decay periods for these isotopes. Using 
these data we calculated the square of the normalized Q-particle wave function at 
a distance of 9.3-10713 em from the center of the nucleus and the reduced super- 
ficial probability 6 which is related with the decay constant by the expression 


B 


A=6 aS 


cn 


We determined the quantum mechanical barrier penetrability P assuming a 
square-well potential with infinitely steep walls. To this end we used the meth- 
ods of calculation of the irregular Coulomb function and its logarithmic deriva- 
tive employed in the work of Frdberg®. 

Inasmuch as the actual angular momentum of the Q-particles is not known, in 
the calculations we assumed that L= 0. If at some time in the future L is detall 
mined experimentally, there will be no difficulty in making the appropriate cor- 
rection to 63, connected with decrease of P owing to the centrifugal barrier (the 


appropriate penetrability reduction coefficients have been tabulated by Perlman 
& Rasmussen’), 


100 io 
“Se 


5 
t, hr 


Fig.3. Decay curve for determin- 
ing the period of Po202 (T = 44,5 
min). 


Values of 82 for different Po isotopes 


| 


] 
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The values of 63 for Po200, po201 ang 
Po293 and revised values (based on the pres- 
ent more accurate measurements of the periods, 
Q=-particle energies and the values of the 
ratio Q/(E + Q)) for P0202 | Po294 and Po206 
are listed in the accompanying table. 

Detailed discussion of these results from 
the standpoint of the theory of Q-decay of 
polonium and astatine® isotopes will be pub- 
lished elsewhere. 

We desire to express our gratitude to 
I.A.Yutlandov for his encouragement in the 
work, B.Dalkhsuren for carrying out a number 
of measurements, G.M.Gorodinskii for assist- 
ance in adjusting the alpha-chamber and the 
staff of the Joint Institute for Nuclear Re- 
search synchrocyclotron for carrying out the 
irradiations. 


"vV.G.Khlopin" Radium Institute, 
Academy of Sciences of the USSR 
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REDUCED DERIVATIVE WIDTH 6; FOR POLONIUM ISOTOPES 
- B.N.Belyaev, A.V.Kalyamin & A.N.Murin 


The probability of Q-decay is commonly characterized by the reduced deriva- 
tive width, introduced by Thomas! and defined by 
nomena: Adak GL ee), ; 
Ee Di AQspphTiy,a\ ET Jrar 
where X is the Q-decay constant, P is the penetrability of the Coulomb barrier, 
Qeppis the total dQ-decay energy, Ris the nuclear radius (9.3°107-13 om), 7.,, is 


> /djoG, \2 
the partial period for Q-decay, and G, (A) and C= are, respectively, the 


squares of the irregular Coulomb function and its logarithmic derivative. 

The reduced derivative width characterizes the Q-transition probability in 
the absence of a Coulomb barrier and is directly related with the Q-particle wave 
function on the nuclear surface (it equals the "Q-width" in the absence of a po- 
tential barrier multiplied by 2x). The reduced width can be calculated if one 
knows from experiment the value of the ratio Q@/(Q + E) and, hence, the partial 
period with respect to Q-decay. Polonium isotopes with N < 126 have a low Q-decay 
probability compared with polonium isotopes with N> 126. The sharp decrease in 
6? in going through this shell was formerly explained2 on the basis of the inde- 
pendent particle model: first, by weak overlapping of the radial proton and neu- 
tron functions for nuclei with N <€ 126, and, second, by decrease of the effective 
nuclear radius close to closed shells. 

According to the recent work of Mang3, who considers the theory of Q-decay 
of At and Po isotopes (using the independent particle model) the abrupt change in 
67 for nuclei in the vicinity of Pb208, i.e., in going from N = 126 to N = 128, 
can be explained solely by shell effects without recourse to the hypothesis of 
change in nuclear radius. 

Using the formulas for 6{ proposed by Mang, we calculated the reduced width 
for Po200 and Po203 on the assumption of the following shell-model configurations 
for the ground state of the parent and daughter nuclei with respect to the double 
magic nucleus Pb208 in the ground state: 


Shell model configurations for Po isotopes 


tee Leastl Proton 


configuration Neutron configuration 


P0200 (P77) (fi )o (Pi, )o 


| (4a8,) 
7/10) Ps Ba — 
; (Piz) o (fe), (Pie) o 
Ppls6 \ Closed (Pi,")o (f7,°)o (Px7?)o (hi. )o 
e 
Ppl | : (Pi )o (Fae), (P72 Do 


Using our experimental data* one can compare the experimental A dependence 
of 6; with that calculated by means of Mang's formulas (Figs.1 & 2). Our calcu- 
lations were carried out for a square potential well with infinitely steep sides. 
Use of the optical model potential in the case of Q-decay of Po isotopes changes 
mainly the absolute values of 4], but does not affect the general character of 
the curve. The ratio of the ordinates of the square-well potential and optical 


P0208 


200 202 204 206.208 210A 


Fig.1. A-dependence of 6] for 
even-even Po nuclei: 1 - curve 
based on the experimental data 
on the assumption of a poten- 
tial with infinitely steep 
walis, 2 - based on experimen- 
tal data on the assumption of 
the optical model potential, 

3 - calculated according to 
Mang's theory for a potential 
with infinitely steep walls. 


6? 


102 
Utne 203m 20S. © 207 A 


Fig.2. A-dependence of 6; for 
even-odd Po nuclei: 1 - curve 
based on the experimental data 
on the assumption of a poten- 
‘tial with infinitely steep 
walls, 2 - calculated accord- 
ing to Mang's theory for a po- 
tential with infinitely steep 
: walls. 


that this rough shell model app 


tative variation of 6; with A. 
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potential curves (curves 1 and 2 in Fig.1) is 
approximately four over the entire range. 

For determining the necessary constants the 
theoretical expression for the reduced deriva- 
tive width for one of the isotopes was equated 
to the reduced width determined directly from 
experiment. In the case of the even-even poloni- 
um nuclei the "normalization" isotope was Po210, 
while for the even-odd nuclei we used P0299 (Figs. 
1 & 2). For P0202, po204, po205, po206, po207 
and Po209 we also determined the values of 67 
from the experimental and theoretical data on the 
assumption of a potential well with infinitely 
steep walls, in order to be able to compare these 
values with those calculated on the basis of our 
experimental data for P0299 and po203, 

The calculated values of 6; are given in the 
accompanying table. 


Values of 6; for Po isotopes 


| Assumed angu- 
A 32 | lar momentum 
L of d-par- 
| wallets 
| 
200 0,015 | 0 
204 0,046 9 
202 0,078: ) 
203 0,0024 | () 
204 0,11 () 
205 0,15 0 
206 0,055 | Q) 
207 0,021 () 
208 * 0,039 | 0 
209 0,046 | 2 
240 * OO2R i 0 


*Based on the data given in Ref.2. 


These values of 6), were obtained using our 
experimental data for the ratios a@/(Q@ + E) and 
the ratios given in Refs.6 & 7. 

As will be evident from Figs.1 and 2, the 
form of the A-dependence of 6; given by experi- 
ment is in quantitative agreement with the de- 
pendence calculated on the basis of Mang's theory. 

Owing to the lack of experimental data on 
the spins of the parent and daughter nuclei in 
this region, it is difficult to say to what ex- 
tent the assumed ground state configurations cor- 
respond to reality. It is possible that configu- 
ration mixing will play an increasingly greater 
role as one goes away from the filled shell, and 


roximation will not truly characterize the quanti-~ 
We also note that the Q-transitions may be associ- 


ated not with the ground state but with excited states. 


"y,G.Khlopin" Radium Institute, 
Academy of Sciences of the USSR 
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CALCULATION OF THE YIELD CROSS SECTIONS FOR SPALLATION REACTIONS 
-~ V.I.Baranovskii & A.N.Murin 


Since 1947 there have been numerous investigations of the process of spalla- 
tion of complex nuclei under the action of high energy (>100 Mev) particles. At 
present the mechanism of this process is fairly well understood and some of the 
general regularities involved are known. It is commonly accepted that the first, 
fast stage of the reaction is a nuclear cascade process in which the bombarding 
particle p knocks out several nucleons from the target nucleus ,X4 and transfers 
to it part of its energy; the second, slow stage consists of evaporation of the 
elementary particles from the excited residual nucleus. As a result there forms 
a large number of product nuclei by the general scheme: 


zX4 + p— z/X4° + vp + von + vod + vyT? + vs5He® + vgHet + heavier fragments. 


In a number of cases it is desirable to predict the yield cross sections for 
the different isotopes formed in the reaction. Thus, in radiochemical investiga- 
tion of the reaction there cannot be directly determined the formation cross sec- 
tions for stable and very long-lived and short-lived isotopes; knowledge of these 
cross sections is essential for determination of a number of parameters as, for 
example, the total cross section for inelastic interaction of fast particles with 
nuclei. Moreover, the possibility of predicting the yields of different nuclides 
is important in connection with searches for new isotopes, in nuclear spectroscopy 
studies, etc. In particular, in planning experimental investigation of the proper- 
ties of some specific isotope one can, if the necessary information is available, 
choose appropriate targets and bombarding particle energies to insure a maximum 
yield. Information of this type can also be helpful in making mass number assign- 
ments for newly discovered isotopes (obviously, in conjunction with other data). 

At present, Monte Carlo calculations!,2 cannot be effectively used in view 
of technical and other difficulties. Calculations by the Monte Carlo method re- 
Quire a great deal of time even when electronic computers are employed. Moreover, 
in view of input considerations the statistics are so poor that there result sig- 
nificant errors in the calculated yield cross sections. Even more important is 
the lack of precise and reliable data on the distribution of energy levels in ex- 
cited nuclei. Nevertheless, in the course of radiochemical investigations there 
have been established certain semi-empirical regularities abe the formation 
eross sections of spallation reaction products. Rudstam?» » reviewing and general- 
izing the data of radiochemical investigations of the interaction of fast particles 
with elements of medium atomic weight (A = 50 to 70) showed that the isotope yield 
cross sections can be described by the formula 


~ 6 (A, Z) = ePA-Q-R(Z—SaAy" (1) 


where A and Z are the mass and atomic numbers of the formed isotope, and p, Q, R 
and S are parameters, the meaning of which will be made clear below. As will be 
evident from Eq.(1), the total cross section for the formation of isobars with a 
given mass number, which will hereinafter denoted by o(A), can be obtained by 
integrating the right-hand part over Z from -oo to + oO: 


6 (A) = \ ppA—Q--R(Z—SA)* JZ, pa J VaR gpa (2) 
It will be evident that o(A) falls off exponentially with increase of A; the 
parameter p is the slope of the straight line characterizing the A dependence of 


Ae 
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@ here is a normalizing factor which defines the absolute values of the reaction 
yield cross sections. 

It follows from the above formula that among the isotopes with given A the 
one with the largest formation cross section is the isotope for which Z = SA and 
that this cross section equals )/R/no(A). The decrease in the yield of isobars 
to both sides of the maximum falls off in accord with the Gaussian distribution 
law. Thus S determines the most probable Z/A ratio for the reaction products of 
spallation and R gives the width of the Gaussian distribution. 

Rudstam calculated the values of the parameters p, Q,R and S for a number of 
spallation reactions.3,4 He showed that log p varies linearly with the logarithm 
of the bombarding particle energy. Where the parameters # and S are concerned, 
Rudstam was unable to establish any regularities as regards their variation as a 
function of such factors as the mass of the target nucleus, the particle energy, 
etc. This is explained by the narrow range of mass numbers for which Rudstam was 
able to make calculations. At that time there were no data for heavier nuclei. 
Nevertheless, such analysis can yield information on how the yield distribution 
parameters vary depending on the properties of the target nucleus and the energy 
of the bombarding particles. 

At present there has become available some information regarding spallation 
reactions on heavy nuclei, although the available data are restricted to a rela- 
tively small number of nuclei. This is explained by the fact that in splitting 
of heavy nuclei attention has been concentrated on the fission reaction. In view 
of the form in which the data are presented it is often difficult to carry out 
quantitative analyses by the method of Rudstam. In some of the investigations 
the bombarded elements were not monoisotopic (Hf - Ref.5; Ag - Ref.6); in other 
studies, there were determined primarily the cumulative yields of radioactive 
chains, giving only the mass number dependence of o(A) (Bi - Ref.7). Moreover, 
in some of the studies the uncertainties in the measured reaction yields are ap- 
preciable (Hf - Ref.5; Cs - Ref.8; La - Ref.7). Nevertheless, the available data 
enabled us to undertake an attempt to establish the regularities characterizing 
the distribution in yields of isotopes forming in the spallation reaction on all 
the elements in the periodic table. We considered only those cases when monoiso- 
topic elements were subjected to bombardment with fast protons, inasmuch as this 
is the variant that has been studied most extensively and is most susceptible to 
theoretical analysis. We note also that all the Monte Carlo calculations have 
been carried out for the case of bombardment of nuclei with protons. 

Moreover, we did not consider data for nuclei in which fission predominates 
over spallation (thorium, uranium and heavier nuclei). 


Calculation Procedure 


The method of calculation employed by Rudstam is based on the assumption tha 
the experimentally determined yield of a given isotope may be regarded as the in- 
dependent yield of this isotope, i.e., that the cross sections for the formation 
of its parent isotopes are negligibly small. It follows, however, from analysis 
of the data2,19 on the isotope yields obtained in proton bombardment of tantalum 
and bismuth that in going to heavier nuclei this assumption no longer holds. 


Hence the method of calculation used by Rudstam becomes less applicable and re- 
quires appropriate modification. 
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Equation (1) describes the distribution of individual yields of the reaction 
products of spallation: 


6 (A, Z)ing= eP4—9-R(Z—SA)*. 


it follows from this formula that o(A, Z)g,,, the cumulative or total cross section 
for the formation of a group of genetically related isotopes the last of which 
has atomic number Z, can be presented in the form of a sum: 
r a pAHO = — R(Z’—SA)! 
0(A, Z)cum= e? >) eat ayy 
Z'=2 
of, replacing summation by integration: 
3(A, Z)oum= ePA-@ 


e 
Z—"/2 


co 
e— RSA" dZ’, 5 (A) = epA—Q \ i Mee aa 


—=OD: 


The integration limit must be Z—1/,, rather than Z inasmuch as in this case 
the distribution is continuous rather than discrete. The individual cross section 
for the formation of each isotope is characterized by the area under the integra- 
tion curve; for each isotope there corresponds on the Z axis a section with bownd- 
aries at the points Z+1/, and Z—'*/,, which gives the limits of integration. We 
note that in integrating we so to say "follow K capture and Bt-decay, going from 
large to small Z. 

Further we can write 


foo) \ oe 
\ ea h(Z 84)* dZ’ —— ree dt 
S(A, Zum zi 4/, ilar) TE = 
5 (A) OO bet eke -” 
\ e R(Z—-SA)* q7, == \ ena 
VR 
—oo —co 
roe) V R (Z—SA—‘/.) 
\2 dt eat VR (Z—SA—*/,) 
= : = 0.5 — Se e-Pdt = 
co Vu : 
2 \ edt 
0 
BAG ted (PORNZ SAS Aes 44))} (3) 


a 
where ® (2) ==\e"at As a tabulated function (see, for example, Ref.11). 
mt 
0 


It follows from the above that 


0 (A, Z)oum = 6 (A) [0,5 — ® (VR (Z — SA — "/,))]; (4) 
o (A, Z)ina= 0 (A) (@ (VR (Z — SA+%/,)) —® (VR (Z—SA —1/,))1. ©) 
A,Z é 
If we plot the curve 5 (Ay Direy= i Z ISA), then provided the para- 


meter S is correctly chosen all the points should fall on a smooth curve of the 
form 0.5 - D(a). The shape (slope) of the curve will be determined by the para- 
to Eq.(1), In o(A) is a linear function of A. Actually, however , 
as the plot shown in Fig.1 (based on the data for tantalum) shows for mass oe 
bers close to the mass number of the target nucleus o(A) changes little with 

and the curve forms a shoulder, a circumstance not taken into account by Eq. (1). 


- 


* 
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According to Rudstam (see Eqs.(1) and (2)), 
3(A,Z) = 5(A) V R/me-R(2Z-say, (6) 


As can readily be shown, Eqs.(5) and (6) are equivalent only for VR<1, 
which, as we shall show below, is not true in general. Hence in using Eqs. (4) anc 
(5) it is expedient to introduce a new parameter R’ instead of R. 

The relation between R and R’ can be deduced as follows. We set Z = SA; then 


according to (6) 


0 (A, Z)max = 6 (A)V Rin, 


while according to (5) 


6 (A, Z)max = 0.(A) [D (/, VR’) — O (—1/, VR’)] =o (A) -20(!/,VR’) 5 


whence 
20 (3/,V BR’) = V Rin 
and R = 4x [0 (/,VR’)I?. 


In accord with the above observations, in the pres- 

ent work, the experimental data were processed as follow: 
rahe 1. The first step consisted in plotting o(A) as a 
function of the mass number of the reaction product. As 
a rule, it proved feasible to find several mass numbers 
for which it was possible to determine the sum of the 
isobar yields on the basis of the available experimental 
data. A smooth curve was then drawn through the points. 
10 In doing so we took into account the above mentioned 

"shoulder" in the o(A) vs A curve and the fact that in 
the remaining mass number region the variation of I1n o(A) 
is linear. 

2. For each isotope for which the formation cross 


t 
2 . 4 A,Z 
A he vincase ay section is known there was calculated WA, Z) pear SD. 


Fig.l. Variation of the The values of o(A) were taken from the curve plotted as 
total yield of isobars described in Paragraph l. 


with their mass number. 3. We chose a value for the parameter S§. To this 
The curve is based on end there were analyzed the yields of isotopes with the 
the data obtained in same mass number, which enabled us to determine in the 
investigating the in- first approximation the atomic number Z of the isotope 
teraction of 680 Mev the yield of which in the given isobaric chain is maxi- 


protons with tantaluml°. mum and, thereby, the value of JS. 

4, Following Eq.(5), we plotted the o(A, Z)po1= 
= j(Z—SA) curve, If the parameter S was correctly chosen, all the points fell 
on one smooth curve, as noted above. In this case there corresponded to the 
Z—SA = 0 point the value o,,] = 0.5 (Fig.2). If the parameter S is not correct 
ly chosen the points do not fall on a single curve but are scattered to a greater 
or lesser extent and the oro, = 0.5 point is shifted to the right or left relativ 
to Z—SA= 0. This effect is noticeable even for very small (0.5%) errors in 
evaluating S, which provides a means for closer approximation of this parameter. 
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If the o (A) = f (A) curve is not 
correctly drawn, the plot constructed 
a on the basis of the experimental data 
proves to be elongated or flattened 
as compared with the curve calculated 
according to Eq. (4), which is also 
readily noticeable and allows of 
introducing the necessary corrections. 
5. On the basis of the new cor- 
rected value of § and the new o (A) 
curve we repeated the construction 
described in Paragraph 4; the process 
a : 7) = 2 was repeated until all the points 
2-SA satisfactorily fell on one line (or, 
Fig.2. o,.1:=/(Z — SA) curves plotted on the at least, until further approximations 
basis of the experimental data of Ref.10 yielded no improvement). 
(S= 0.426). 6. The shape of the resultant 
curve enabled us to calculate R’. 
This can be done if one carries out the calculations by means of Eqs.(4) or (5) 


separately for each experimentally determined formation cross section, treating 
R’ as an unknown. 


7. We then used the formula 


__ Alno(A) 
lee Ea 


to calculate the parameter p. The requisite data were taken from the curve plot- 
ted as described in Paragraph 1 above. 

8. In a number of cases we had recourse to certain simplifying measures, but 
since they applied only in particular cases they will not be described here. 

As will be evident from an examination of Eqs.(4) and (5) the quantity actual- 
‘iy employed in the calculations is J/R’ , hence this is the parameter we will refer 
to hereinafter. 


Results 


Using the procedure described in the preceding section, we analyzed and pro- 
cessed the experimental data of a number of authors and determined the values of 
parameters p, S and VR’ for several spallation reactions. The results are shown 
in Table 1. The data of radiochemical investigations of the spallation reaction 
on Al and Bi are inadequate for complete analysis. Hence for these nuclei we give 
only approximate values of the parameters p, S and VR’. 

It was found that for some of the bombarded nuclei the value of the parameter 
SS does not remain the same in the entire investigated mass number interval. In 
such cases there are two mass number regions inside each of which the parameter 
remains constant: in one of these, where the shape of the o (A) curve differs from 
the exponential (the region of the "shoulder") , the value of the parameter S (in 
the table we designate it as S’) is smaller than in the other region comprising 
all the other mass numbers. 

This indicates that in the range of relatively low excitation energies (100 
to 200 Mev) there may form relatively fewer neutron-deficient nuclei than at high- 
er energies. It is not impossible that for isobars nearest the initial nucleus 
the parameter S is a function of A, Lack of adequate data, however, makes it im- 


possible to check this at present. 
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Fig.3. Variation of log p with the logarithm of the bombarding proton energy. The 
point for 2.2 Bev was taken from Ref.3. 
Fig.4. Variation of VR’ as a function of A of the target nucleus. 


It was established in the work of Grover22* that at a bombarding proton ener- 
gy of 5.7 Bev the parameter S is a function of the mass number for all A from 32 
Zo 153. 

This regularity is, apparently, characteristic of a new mechanism, namely, 
fragmentation, prevailing at such high energies. For the spallation reaction S 
remains constant (at least in the mass number region where o(A) varies according 
to the erA—-® law). This means that S does not depend on the excitation energy of 
the initial nucleus and, consequently, on the bombarding particle energy. (This 
will be evident from examination of Table 1.) 

For comparison in Table 1 we give the results of analogous calculations per- 
formed by other authors. Following Rudstam, we characterize the deviation of the 
calculated cross section from the experimental value by the quantity e*, where & 
‘is the root mean square relative deviation. From a comparison of the values of 
eéin Table 1 it will be evident that by means of our parameters one can predict 
the yield cross sections for the products of spallation reactions with an accuracy 
superior (or at least equal) to that attained by other methods. 

Unfortunately, lack of space does not allow of citing detailed data illustra- 
ting the good agreement of the results of our calculations with experimental data. 
The curves of Figs.3, 4 & 5 show how p,VR’ and S vary as a function of the 
bombarding particle energy, the mass number and the ratio Z,/A, for the target nu- 
cleus, respectively. Fig.3 substantiates the fact, established by Rudstam, that 
log p is a linear function of the logarithm of the proton energy. 

It will be evident from Fig.4 that with increase in the mass number of the 
initial nucleus the parameter VR’ first falls off rapidly and then more slowly 
(exponentially). We were unable to find data that would indicate clearly whether 
VR’ varies with the incident particle energy. Apparently, however, ]/R’ does not 
depend on the energy; this is supported by the fact that all the points in Fig.4 
fit on one smooth curve, although the experiments on which the data are based were 
carried out at different proton energies. 

As for the parameter S, first, we note again that it remains constant in a 
wide range of excitation energies (except, possibly, in the region of very low 
energies). Second, Fig.5 makes it possible to substantiate quantitatively our 
earlier inference regarding the grouping of the products of the spallation reac- 

*The computation procedure employed by Grover is similar to ours; we received 
his thesis after completion of all our calculations. 
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tion along the line of nuclear stability for 
light and medium nuclei and of shift of the 


Coe maximum isobar yields into the neutron-defici- 
/ ent region for heavy nuclei. 
as} Ge All nuclei may be divided into three 
ee groups: 

L / 1. Light nuclei (A < 40) for which the 
a4 7 yield maximum does actually occur at the line 
| Ae of nuclear stability, possibly with a minor 

an ys tendency to shift to the side of neutron- 
Vas A ; 
Ya deficient isotopes. 
USAT Sy 2. Heavy nuclei (A > 90) for which 
se U=S—Z,/A, (Z,/A, is the charge to mass 
0.40 —Gty gag aad 46 OB ratio of the target nucleus) remains constayy 
ZotAp and equal to 0.023. This shows that the rela- 


tive shift of the line of maximum yields into 
Fig.5. Variation of S with Z,/Ao. the neutron-deficient region relative to the 

initial nucleus is constant. The absolute 
value of the shift increases in proportion to the atomic weight of the bombarded 
element. 

3. Intermediate nuclei (A = 40 to 90; Z,/A, = 0.44-0.47) for which there is 
observed a gradual transition from preferential formation of neutron-deficient 
isotopes ro predominant formation of stable nuclei. 

The data presented above can be used for predicting the yield cross sections 
for isotopes formed as a result of fast proton bombardment of any given element. 
We suggest the following procedure. First one should plot the total isobar yields 
as a function of the mass number; in doing so, one must bear in mind the presence 
of the shoulder in the high A part of the curve (Fig.1). For determining the 
width of the shoulder one can use some of the results of Monte Carlo calculations 
(for example, Refs.1, 9 and 21) as well as some of the data presented in Table l. 
The value of the parameter p (Fig.3) will determine the slope of the remaining 
(main) part of the curve (which is a straight line in semilogarithmic coordinates) 
Absolute values of the yields can be determined if it is assumed that the total 
reaction cross section is equal to the geometric cross section of the initial nu- 
cleus or to the cross section calculated by the Monte Carlo method!., We do not 
= recommend using for this purpose the parameter Q, inas- 
100 much as it is introduced on the basis of experimental 
data and thus brings in errors involved in determining 
the absolute cross sections. These errors can be very 
appreciable (up to 50%). 

Knowing the total cross sections for the formation 
of the isobaric chains and taking the values of V R’ 
and S from the curves of Figs.4 and 5, one can easily 
; by means of Eqs.(4) and (5) calculate the yields of in- 
terest. 

In order to check the described procedure we cal- 
culated the yields of isotopes forming as a result of 


10 


60 80 100 


Bien Ti Ce bombardment of silver with 480 Mev protons. We assume 
0A ; 
that the width of the horizontal shoulder in the total 
Fig.6. Curve used in yield curve equals 9 mass units and that p= 0.178 (this 
calculating the yields curve is shown in Fig.6). The total cross section for 
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Table 2 

Yields of isotopes from spallation of silver with 480 Mev protons 
Ene Oe e et see eter ne mere CE AE OL OV. Pp 
Iso- | Sexp Scale Seale || Iso—| exp Scaler! sGeanc 
tope m b mb Sexp tope mb mb | Sexp 
Pdi | 42.7 40 ai Br? | 0,73 0,92 4,25 
Ru? | 15.7 37 514 Br | 0.65 0.48 0,75 
Ru 5.7 14,9 9.4 Br® | 0.59 0,33 0.56 
Mo%® 0,054 | 0,008 | 0/45 Se | 0.41 0,105 4° 
Mo%® 3 49 1,4 As™# | 0,045 | 0,192 4 
Zx89 7,8 8,8 1,14 Ast | 0.44 0,23 1,65 
Zr88 8,9 7.4 0/8 As | 0.073 | 0,182 2°5 
7x86 1,78 2.55 1,4 Get | 0,19 0.16 0.85 
yes 0,46 face 2.8 Ge | 0,062 | 0,14 on 
Sr8 1.78 1.46 0.82 Ges | 0.054 | 0,067 0.8 
Rb’! | 0.35 045 {28> dey 


inelastic interaction was taken equal to 1 barn, in accord with the data of Ref.1. 
The values of VR’ and S were taken from Figs.4 and 5: S = 0.453 and VR’ = 1.02 
for Ag and S = 4.61 and VR’ = 1.04 for Agl97, The calculations were carried 
out separately for Agl99 and AglO7, after which the partial yields were added, 
taking into account the content of stable isotopes in natural silver. The results 
are presented in Table 2, where for comparison we also give the experimental data 
of Kurchatov et al®. The yield of isotopes with A < 68 was not calculated inas- 
much as they may form by fast proton fission. The root mean square deviation of 
the calculated data from the experimental is about 120%. This result, we submit, 
is satisfactory, particularly if one allows for the fact that the experimental 
results contain an appreciable error. Thus, for example, the total interaction 
cross section as determined by Kurchatov et al equals 430 millibarns (about one 
third the geometric cross section); this value is obviously questionable, and indi- 
cates that substantial errors were involved in determining the absolute isotope 
yield cross sections. 

’ Obviously, the above described procedure can be greatly simplified if one is 
interested only in determining the relative yields of isotopes with a given mass 
number or of isotopes of one and the same element (such relative values are im- 
portant in searches for new isotopes, in certain nuclear spectroscopy studies, 
etc.). 

The results obtained can also facilitate processing of the data of radiochemi- 
cal investigations of the spallation reaction, particularly in cases when the bon- 
barded target is not monoisotopic. Analagous calculations may also prove useful 
in comparing the results of radiochemical studies and of experiments with thick 
emulsion photographic plates. 

All such interpolational calculations are based on the assumption that the 
isotope yields do not depend on the individual properties of the isotopes. Hence 
they cannot be used for predicting yield cross sections for isotopes with closed 
nucleon shells. 

In conclusion, we want to emphasize the fact that all the arguments and ana- 
lyses in the present report are based on the assumption that the distribution of 
yields from the spallation reaction is described by Eq. (1). Introduction of equa- 
‘tions such as (4) and (5) serves merely to facilitate calculation; these formulas 
‘were deduced on the basis of the available experimental data and, strictly speak- 
ing, have no theoretical meaning. It would be desirable to obtain a theoretically 
justified formula in which the various parameters (possibly there may be more such 
parameters than were considered in the present discussion) would be present in ex- 
plicit form as functions of the properties of the target nucleus and bombarding 
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particles. It may turn out that each parameter is a function not of one but of 
several variables. Possibly the actual distribution of yields is not symmetrical 
relative to the maximum yield isotope; if this is the case this fact should also 
be taken into account in the "ideal" formula. 

The complexity of the problem is obvious. Hence for the present one must 
use an approximate description and have recourse to the simplified procedures de- 
scribed in the present paper. 

We desire to express our deep gratitude to B.S.Dzhelepov for his interest in 
the work. 


"v.G.Khlopin" Radium Institute, 
Academy of Sciences of the USSR 
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EMISSION, ABSORPTION AND REABSORPTION OF GAMMA-RAYS BY IMPURITY NUCLEI IN 
SOLID SOLUTIONS 


- I,P.Dzyub and A.F. Lubchenko 
Introduction 


Studies of resonant emission and absorption of y-rays by nuclei in a solid 
have shown that the emission and absorption spectra each contain a sharp line 
which is both unshifted (the photon energy is equal to the transition energy) and 
of practically the natural width. The interpretation of the experimental data 
(Méssbauer! and Visscher2) is based on Lamb's theory.3 

Recently the Médssbauer effect has been used to measure the shift in nuclear 
energy levels due both to Zeeman and quadrupole splitting, as well as to general 
relativistic effects.4 Since these effects have to do with energy shifts of the 
order of 1077 ev, it is important to take into account all possible details in 
the interaction between the radiating (or absorbing) nucleus and the crystal lat- 
tice, including changes in the lattice frequency and electron-shell energies as 
a function of the state of the impurity atom. 

In the present work we use the adiabatic approximation to calculate the 
emission and absorption probabilities of photons by radioactive impurity nuclei, 
including in our calculation the changes in the frequencies of the normal lattice 
vibration modes. We assume that impurity atoms are incorporated in the solid 
solute, so that the solution no longer possesses translational symmetry. It 
should be noted that the theory of the Mossbauer effect, as developed in Refs.1l, 
2&5, is valid only for the case of translational symmetry. Further, we assume 
that the impurity concentration is small, so that the interaction between the im- 
purity atoms can be neglected. We then calculate the probabilities for emission, 
absorption and reabsorption of photons for both high and low rates of heat re- 
lease, we find the position of the Mossbauer line as a function of temperature, 
and discuss the line width. 


1. Energy States of the Solution 


The solute + impurity atoms + radiation field system is described by the 
Hamiltonian 


H (op) + H(r) +V(e,7) + 7 (R) +0 (0,7, 8) +H) + WH Hy + Wy tH’. 


Here H (p) is the Hamiltonian for the internal state of the impurity nuclei, 
H (r) is the impurity-atom electron Hamiltonian, V (p, 7) is the interaction energy 
of the impurity nuclei and electrons, H (R)is the solute Hamiltonian (including 
the kinetic energy of the impurity atoms), U (p,7,) is the interaction energy of 
the impurity atoms and the solute, H; is the radiation Hamiltonian, and H’ is the 
radiation-solute interaction Hamiltonian. The stationary states of the solutions 
satisfy the equation 


Fp NGy tT, Lt) = (Ee) YT (par, At), (1) 


where E£; is the radiation field energy. We shall attempt to solve (1) in the 
form 


MW (pas tt) =O, (p) x (7, R), 
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where i, (p) is the wave function of all the impurity nuclei for an excited state 
characterized by the quantum number m and localized on the i-th nucleus. Then 
xy (7, R)is given by the equation 


LH (r) + H(R) + Wm(r, Rly (7, R) = ex (7, R). (2) 


Here Wi, == (Di, | V = U | 0,3 and «= &£ — En ei Ej. 


We shall solve Eq. (2) in the adiabatic approximation. To do this we assume 
that the electrons form a subsystem which changes so rapidly that it is able to 
reach equilibrium in any nuclear configuration, even if this nuclear configuration 
is not one of equilibrium. Then separating out the nuclear kinetic energy opera 
tor in the Hamiltonian of (2), we rewrite the equation in the form 


(Tr + Hi (r, R)) x (7, R) = ex (r, RY. (3) 


Here the index mon H indicates that the electron state depends on the state 
of the nuclei. For fixed R the electrons satisfy the equation 


Hen (ER pan ER teen ere 
Knowing Wm, we seek the solution of (3) in the form 


x(7, Rk) => Fi (Rk) (7, R); 1 = (m, n). 
l 
Then /, satisfies the equation 
[Tr + Ui (R)] F, (R) = eF; (R), (4) 


where U;'(R) = ¢;(R) + <p; | Tr |p. 

This Hamiltonian can be diagonalized by considering small vibrations of the 
nuclei about their equilibrium positions and expanding the UW; in power series of 
the displacements from the equilibrium position u,;. Then 


SG hth De cee 
— a had a b =e Ee 
vai Lidee(gam,) +H 443 

where Vis the number of atoms in the solution, s is the index for the normal vi- 
bration of the solution (since we are dealing with a case which does not possess 
translational symmetry, the vibration cannot be assigned a definite momentum) , 
the q/, satisfy a set of homogeneous equations obtained by transforming from Car- 
tesian coordinates to normal coordinates’ and normalized according to 


la da 

Ing — . 
> Go - 8503 
aj 


and b; and 6, are creation and annihilation operators for the s-th vibration of 
the solution. 


Neglecting changes in the nuclear equilibrium positions due to changes in 
the state of the impurity atom, we rewrite (4) in the form 


Dap (650. + /,) F, = [e — ui (Ry) 1 Fi. (5) 


PR 
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Here the ! are the frequencies of the normal vibrations of the system for 
the /-th state of the nucleus and electrons of the impurity atom (we neglect the 


| dependence of the w! on i, that is, on the position of the impurity atom in the 


solution). 
Equation (5) has the solution 


€ = Ui (Re) + S\hos (me + 4s), Fi = | na); (6) 


and the wave function |7;> is determined by the occupation numbers 7. 


Thus the wave functions of the solution + radiation field system and the 
energy eigenvalues may be written in the form 


Dime ivan (een Nee ca). Opclp) bars at) ne), 


(7) 
Ex ng) = Em + Ej + Ui (Ro) + S\hos (ns + 1), 
where C(...N.,...)is the radiation field wave function. 


2. Absorption and Emission of y-Rays by Nuclei 


When one knows the wave function of the solution, it is simple to calculate 
the probability for emission and absorption of y-rays by impurity nuclei. To be 
specific let us consider the transition 1, {n,} {0} > J, {n;} {1.}, in which the j-th nu- 
cleus goes over from state m, to state m, emitting a y-ray of energy /. Assuming 
that the matrix elements for the 1, — 1; (i + 0) transitions are smaller than those 


for the 1, — 1, transition, we arrive at the following expression® for the y-ray 
emission probability 


| 


<lg {ng} (14) | H’ | (ng O}> 
[E— B+ By (n) —E, (ng P +E | ee) 


8 
I 


hos 


Here the bar over the summation sign indicates averaging over initial states 
of the solution, and 


E) = Em, — Em, + Ui, — Ui, 
E;, (ns) = St hos (ns + "/2), 


E, (ms) = 5) has (ns + 1/2). 
Bearing in mind that 


ly {,} Lo} | H’ | da {n,} (0}> = L <x 


oxpj—i ge | 


DA 


where L is a nuclear matrix element and p is the momentum of the emitted photon, 


(8) may be rewritten in the form 


1,/0 ~ c mite 
a —Hyt/" 5 ——__-______ 
wi = -| LP (Spe * 1S de | te ea or A * 
- F A ; ; lo ail u,) 
x Sp [e%  giH0 exp f Zale “ey i= ia *; 


where — He # 5) ho (by bs AeA), Hi ate 5, ho. (bibs cbodjis). 
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The expression 
i u; ee 
spe Hy oi oxn ipere ae exp —i ae i) DMT I sp [é ag!" 


one then finds that the emission probability is given 


can be calculated exactly; 


by the formula 
c a Were 

w) =|LPWi=|LP SR. \ due * "#1? Py), (10) 

0 


7 —he co. : 
= |] - Ao exp | 31, (4 — 


“4 hos! Hien (atta!) 
4 epee of PQs 


eee RN ets LE 
R= >; | “2 i hob. 
& 


’ 


1 
ly 


oS ints ; Reedy 
cher) ud, 8] een — 4 ft 
jog ting (os—oy’) 


1—e 


Let us write the integral in (10) in the form of a sum of two integrals 
where ty) is obtained from he condition 


whose limits are [0,4] and [po, ~], 
90s max<1.8,9 Then it is easily shown that under the condition* 


: l ly 
er oO. alee sae (11) 
1 ©; max 
bo 
3 re oe ee 4 Ca Dias 
9-9 \ d ip. (B—E)—pl (2 — = E (ae St Cree Pee (12) 
r pe (p) T2 SBS 16B8 oe p (z, n)- 
Here 
{ oe 
Beer > | 3, Oe 
8 
C=— S| (ho 
; s 
Dee desing (rer ie 
e=7 > x), |? eth x6 (hob), 
i 


oO 


and 1p (x n) = \ dy cos yey" is the function giving the shape of the emission spec- 


9 
trum from a free nucleus, including the Doppler effect.10 


*We shall call (11) the condition of high heat release. 
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In the same way it can be shown that under the condition 


l 
ho; r 


Se * cth m9 fo... = hob SP, (13) 
2 ; exp | Sid, etn MOF 
os R.\ da eh (E-Ey)—Pl2 pr ( acs \ $ : ay } 
I p pt 3 l l 2 
"i brett i (o,'— 0,7, ) +72/4 (14) 


For low heat release, when condition (11) is not fulfilled, the emission 
Spectrum is of different shape. The emission curve can be written in the form 


t % 
l as*d. s { 


ho — 
26 x d | tilt, ! [2B Di Bon y= %) + 18/4 © eG) 


Sane cine 


wi (Z) = exp i NS |>2), |? cth 


where 
Ri a 1) l, le a ae j = j 
Bo = Ey +>) h (@s'— os") ng; dg = ng | Hr, |?, ds = (M544) | 22, P. 
8 


The Mossbauer line is obtained from (15) by writing t,=1,. It can be shown 
that the intensity of the Méssbauer line in this case, as in the case of high heat 
release, depends only on the factor 

ly 


h 
exp |— Sil ag, Beth = 


In exactly the same way one can calculate the shape of the y-ray absorption 
curve. This will be given in the cases of high and low rates of heat release, 
respectively, by equations (12), (14), and (15) in which one makes the replace- 
ments 1, = 1, and o—a, = E — Ei — R,. 

The measured absorption (or emission) spectrum of impurity nuclei can be 


written 
N 


q 
W ea) (£) ai » Wa) (£), (16) 
j=1 
where V, is the number of impurity atoms in the solution. 

The expressions obtained above can be used to arrive at the following conclu- 
sions concerning the y-ray emission and absorption spectra of nuclei in solid solu- 
tions. 

1. At high temperatures, when condition (11) is fulfilled, the absorption 
and emission curves are Gaussian curves; on their wings appears a line of almost 
Lorentzian shape (the Méssbauer line). In the energy scale the Mossbauer line 
lies above the peak of the phonon part of the emission spectrum and below the peak 
of the phonon part of the absorption spectrum. The phonon parts (Gaussian curves) 
have half-widths given by A = 2B; Vin2(i=e,a). With decrease in temperature, 
the phonon part of the spectrum becomes asymmetric; the emission curve drops more 
rapidly on the high energy side than on the low energy side (and vice versa for 
the absorption curve). 

2. The intensity of the Méssbauer line increases sharply with decreasing tem- 
perature. For temperatures at which ho;max<9, the increase is exponential. The 
position of the Méssbauer line also depends on temperature; the temperature shift 


is given by ae 
cn » (o: — @;') phe 
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At high temperatures the shift is proportional to the temperature. The mag- 
nitude of « can be evaluated only qualitatively. If w’ is the frequency of the 
electron transition in the impurity, and Aw, is the corresponding change in the 
frequency of the solution as a function of the state of the impurity atom, one 


has ax? Sn, Aas, where w” is the separation between the electron levels for two 
0) 
: 


different states of the nucleus. To order of magnitude, ©” is about equal to the 
hyperfine splitting of the electron levels (from 0.1 to 1 cm~1); for impurities 


4 = 
in molecular crystals, ins Aw; varies between 0.1 and 10 cm-l deg"! T (Ref.11), 


so that a~ (107% to 10-7 sec7! deg-1) T, which is of the same order of magnitude 
as the correction for the Doppler effect.12 

3. It follows from (13) and (14) that the occurrence of a Mossbauer line in 
the spectrum shows that it is the high-frequency vibrations which play the princi- 
pal role in the interaction between the nuclear transition and the normal vibra- 
tions of the solution. The role of these high frequencies in the Mossbauer effect 
has been mentioned by Lipkin®; in our work it becomes a criterion. 

4, If condition (11) is not fulfilled (low rate of heat release), the absorp- 
tion and emission curves are sums of Lorentzian curves with half-widths [/2, as 
follows from (15). Then due to superposition and possibly also to broadening, the 
phonon part of the emission @nd absorption) spectrum will be a wide band with a 
series of intense peaks. The Mossbauer line is located at the edge of this band 
and is of very high intensity. 

5. If the impurity atoms occupy different positions in the solution, so that 
Ui depends on /, that is, on the position of the atom in the solution, the shape 
of the Mossbauer line, as follows from (16), will be given by 


a aaa 


5 (E— BP + 4 


this means that the half-width of the Mossbauer line will be not [/2, but somewhat 
greater if KH; — H)} <T[/2. For instance, if there are two equally probable posi- 
tions for the atom in the lattice, and if H}' — FE —T[/2, the effective width of the 
Mossbauer line will be 1.4 I. 

A calculation similar to that for the emission probability can be used to ob- 
tain the radiation width I’, of the excited level ([ =T, (1+ a), where a is the 


internal conversion coefficient). It is found that [I is virtually temperature 
independent. 


3. Reabsorption of y-Rays 


In the usual Mossbauer experiments, one measures the y-ray absorption in an 
absorber containing atoms of the same kind as the emitter. The apparatus is de- 
signed to provide for movement of the emitter and/or absorber with some relative 
velocity v. It is then of interest to establish the dependence of the reabsorp- 
tion on the thickness of the absorber and on v.13 The quantity measured in the 
experiment is the ratio 


P(v..) — P (v) 


Mb dohaerconpa ate (17) 


where / (vy) is the number of pulses registered by a counter behind the absorber, 
and % is the relative velocity at which the emission and absorption curves have 
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essentially no overlap. Now 
P(v) = c\ dEW(nE) ¢@ 742 "ara, 
0 
where C is a constant, n,is the number of atoms per cubic centimeter of the ab- 
sorber (we are assuming that the absorber consists only of atoms absorbing the y- 
rays at resonance), x, is the absorber thickness, y =1+ vlc (v<c), 64(E) = 
= I°/40,.W, (EL) is the absorption cross section, and o, is the resonance absorption 
cross section; then it follows that 
rer —sq(E)nq 
8 (v,ttq) = 1 — sq \ AEWe(nE) & 02%, (18) 
0 
where I’ is the effective width of the Méssbauer emission line. We note that 
I’ >T both as a result of the finite thickness of the emitter and because of 
the possible broadening of the Mdssbauer line discussed in the previous section. 
When 0ofata%a< 1 and v/cE, ~T, Eq. (18) becomes 


1 i ie coin, 
805. q) = Gafafgh ett 1/8) + (Bf = 1). (1 — 18) 


Nara ( 2 | + £2)2 aE 4E2 -| CH (19) 


where 2B, 


f, and f, are the intensities of the Mossbauer lines of the emitter and absorber, 
respectively, and C, is the contribution of the phonon part of the spectrum which, 
for the values of v of interest, is practically independent of v. 

For large absorber thicknesses (d)fata¥a > 1) the height of the reabsorption 
peak depends on the thickness of the absorber according to 


S07, ! a = 5X (0)|, (20) 


_ where : 
} al 7 21 4 exp {— € cos 9} 
C= opfanates X(t) == t-\a0 

0 


£2-\B2+ (B?— 1) cos 0 


To tabulate X (¢) one may make use of the equation 


Be 2 
ari CG) sexe (Cp, (0); 


where J, (6) is the zeroth order Bessel function of an imaginary argument. In 
particular, when B = 1, Eq.(20) becomes the same as the formula given by Craig 
et a1l4, 
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RESONANCE SCATTERING OF GAMMA-RAYS BY NUCLEI IN A SOLID 
- I.P.Dzyub & A,.F.Lubchenko 


Introduction 


A number of experiments have recently been performed on recoilless Rayleigh 
and resonance scattering of y-rays by nuclei in solids.1;2 These experiments show 
that at low temperatures (for instance, at 90°K for tin) both resonance and Ray- 
leigh scattering may take place but that resonance scattering predominates. 2 Thus, 
for investigation of solids one can make use not only of resonance emission and 
absorption (the Mossbauer effect3) , but also of resonance and Rayleigh scattering. 
It is interesting to note* that the difference between the diffraction patterns 
for Rayleigh and resonance scattering can be used to verify Weisskopf's theory of 
coherence of incident and resonance-scattered photons. 

The present paper discusses the characteristics of resonance scattering. We 
determine the angular distribution of the scattered y-rays, the excitation spec- 
trum, and the spectrum of the scattered y-rays. We point out the possibility of 
determining the normal frequencies of the scatterer both from the scattered y-ray 
spectrum and from the intensity of the Mossbauer line, which we shall show exists 
at other than the Bragg angle. In determining the probability for resonance scat- 
tering we consider the general case in which a unit cell of the scatterer contains 
several resonance-scattering nuclei. We sum over intermediate and final states of 
the lattice and average over initial states without making any approximations. 


Aes Probability of Resonance Scattering by Nuclei 


Consider a crystal scatterer containing m atoms per unit cell. We character- 
ize the state of the scatterer and radiation field by the set of quantum numbers 


L {nz} {No}, 

where / represents the nuclear quantum numbers, and 7”, and N, are the occupation 
numbers of the phonon and photon fields, respectively (the index s denotes both 
the wave vector f of the lattice vibrations and the index i of the vibration mode). 

Further, we assume that the /, excited state of the nucleus is far from the 
other excited states, so that the contribution of virtual transitions to the other 
levels can be neglected compared to the contribution of the transitions to the ly 
level. Then the resonance scattering process may be treated as the sequence of 
transitions 


i {n>} {N°} ig ly {ns} {No = 1} —TI, {ns} {No a ihe No =e 18 (1) 


where |, represents the quantum numbers of the nuclear ground state. For concise- 
ness we shall denote the states in (1) by 0, 1 and 0', respectively, and the cor- 
“responding probability amplitudes by b,, b, and by. It is then a simple matter to 
write the equations for their time dependence. °® These equations are 

i 7 F (Es—B,) (2a) 

Ue 2 b, <O|H’|1de : 

{Ns} 9" 
1— Ep) tine ) 
toy Moco Hs|0e% waits; (2b) 


, 
{n } o” 


it 
ihb, = b, <1|H’|\0>e” 
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il 
‘ . ae (Ep’—E,) 2c 
ihby = St b, <0' | A’ |1>e” : (2) 
{3} 
where H’is the photon-nucleus interaction Hamiltonian, E,, E, and Ey are the ini- 
tial, intermediate, and final state energies, (0| HW’ =N2L,1, (nd | exp {— ix Rn} | Ws) 


is the matrix element of H’ between the initial and intermediate states, %.’ is 
the photon wave vector, and R, is the coordinate of the n-th nucleus doing the 
scattering. 

We wish to obtain a solution to (2) in the form 


by (t) = exp {— T?t/2h}, 


it (3) 
mpl aes | exp {—il2n +> (EF, — Ey) — exp {— yt/2h}| 
with the initial conditions b, (0) = 1 and all other probability amplitudes zero. 
Inserting (3) into (2c), we obtain 


it At 


cs a 
Hetee si sha by ell 4—e (iy/2 + E,. — Ey)| (4) 
, = ’ 1 1 e -(il/2+ £2 Eo) 9 
bo (t) 2 » <0 Wer | 1» G (ns) fee Sean Q —_— Ey ~~ ae es ix/2 < 

{25} 


Proceeding, we insert (3) and (4) into (2b) and make use of the fact that 


[R+itE,—Ey)] = 
mig —1 ‘18 (E E ) 
lim'—=- Se SS in , 2 -F,): 
trcoo Ege — Hi + ix/2 (Eo : 


we then obtain* 


2 ‘ij; an OF 
T= = (Nor + 1) | Lin Pp (2); (5) 
es <i Fas} O> 
DAO Re leprem coer re ey (6) 
Ds Oh a U 9 
where His the transition energy for the free nucleus, p (E) = ae and the bar 


on |Zj1, |? denotes the integral of the matrix element | Ji,,|> over the solid angle 
and the sum over the possible polarizations of the scattered photons. 

Finally, inserting (6) and (3) into (2a), we find the level width of the 
ground state to be given by 


ae SEE 
ra [Liu Pt (@e, 


les 


where the bar now denotes the same as above, but for the incident photons, and 
I (ws) is the incident beam intensity. 


To obtain the probability amplitude for scattering from the entire scatterer, 
(4) must be summed over all the nuclei. One then obtains 
pny weg OE AS ee ee 
bo 2 2» (Ege — Bo + iD/2) (Ey + #i + i4/2)? 
nj {Ng } 
*Equation (5) gives the radiation width of the level. If one wants to in- 
clude the possibility of internal conversion, one must replace y by 7y(4-+a) 
(where « is the internal conversion coefficient). 


we 4) BS par 


where nis the number of the unit cell, and j is the number of the atom in the 
cell. Denoting the Gibbs distribution function for the phonons by w CO): one can 
write the expression for the total probability Wof scattering in the form 


Sen a oe 
{nd} «n'y 
This equation can be written in integral form without making any assumptions 


as to the magnitude of Kanga 4 (Here u,; is the displacement of the j-th atom 
of the 7-th cell from its equilibrium position Rij.) To do this, we make use of 
the relations 


Ey — E, = & + >; hon, — S; ho ng, 


s 


, 1 ——s 
Ey — Ey = & + S\hosns — di hiesns, wns) = > <ni |e" |, 


where &9 = h (wr — Oe’), &1 = —E + hoo, H = >) Hs = >) s(be bs +4) <4 


is the vibrational Hamiltonian of the nuclei of the scatterer, ee { and Z is 


the statistical sum. Then the expression for the scattering probability can be 
written 


co co : foe) co 
M ca : . o eu a 5 tind Y 
Dirciagm Dna didi as erepag Xi db \idtiel Mess ALU pty y): 
nn’ —oco —oo 0 0 


Here 


+ 
| - —BH,+ipH ity Un! tH, ixgrun —ipH, i’) Hg yg ix —it’H, ix, e 
Ai: b) = |[ Sp fe q Be Comet € e e € € i 
s 


M = (Nor +1) No |Lin, 2 |Lia[?,  % = Xr — %er, AR® = RY— RI, 
where for brevity we have used 7 to denote both the number of the cell and the j 
number of the atom in the cell. We now use the fact that 
HUn = Pi;byeltn+ Pesbre®n , 
(P,v;(s)) 


(2M Nioy ’ M; is the mass of the scattering nucleus, p, is the momen- 
eed 


where P3;= 
tum of the photon of frequency ., and V;(s) is the displacement of the j-th atom 
in the n = 0 cell.® Then grouping terms containing H, in the trace, making use 
of the relation Z4Sp {e-#He'® *e% °s} = exp {| ns |? (ms+1)} and applying Weyl's identi- 
_ty,2 we arrive at 


M ixAR°—G; —Gir c C ene 
W=s- > e ak) \ dp \ di a ET YS x 
nn’jj’ —oo —oo 
co 0 ” . 
x {ae ae exp fiew’ — se + K;(t’)+ yn] exp ia ig,t — woe 
0 o ie 
+ Kj (é) +S (1s ee) ds} : (8) 


Here 
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G3 = Yilrs + Ya) (| Paral? + | Pos”), 
: s Se —ifo,t’ Beet, @cte 
K; (t’) = >) PojPors {(% + AD e a ele py, 


d, = elOR thes (pi, — Pine MS") (Pie — Page"); 
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f is the wave vector of the lattice vibration, n,=(e*? — 1)" and Kj; (t) is ob- 

tained from K;(t’) by replacing ?¢’ by —¢ and j by j’. 


2. Singularities in Resonance Scattering of Photons by Nuclei 


Equation (8) gives the probability for resonance scattering of y-rays by 
nuclei in a solid as a function of the incident and scattered radiation and the 
scattering angle. It is obtained, as has already been mentioned, without assum- 


ing that hen; is small, and therefore is exact in this respect. To go further 
using (8), however, is in general impossible. Therefore, we shall find the shape 
of the scattered y-ray spectrum (as a function of ®. or @.”) and the angular de- 


pendence of the scattering for the case *oUnj <1; for *.Unj fi, as will be seen 
from what follows, Eq.(8) can be used only to arrive at some conclusions concern- 
ing the occurrence of the Méssbauer line and its width. To calculate the entire 
spectrum together with its phonon part is not possible. 


The %Unj <1 case corresponds to "soft" y-rays (of the order of some tenths 
of a kev) and small displacements unj» We can therefore expand exp {> Neds} ina 


power series in d, and keep only the first terms. Then by simple calculations we 
obtain an expression of the form 


W=W,+ W,, (9) 


for the probability of scattering, in which the first term describes elastic scat- 
tering (0. =.”), while the second describes inelastic scattering (accompanied 

by the production or annihilation of a single phonon). In the case of a low rate 
of heat release! the functions W, and W, can be written 
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? 
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where Nj (81) = PoiF; (e1) — Po-F; (e, —ho,); Nj (e)) is obtained from Nj (&) by replacing 


W,=MS | >) pi Ry 


al ef Sates OWS Wee jG; y+ 
(€0 + ho,)? + 12/4 | > ¢ j (81) 
j=1 


—@., dn FF; by +o; 0; = (n+ 1) P§j;P2 Cy; =n, P*;P®os: 
; s s o’jfo"j; sj = Nsl'ojPorj, Yj; is the radius vector of 
the nucleus in the cell; H is the reciprocal lattice vector; 
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To obtain the shape of the excitation spectrum, one must sum (9) over the 
frequencies of the scattered Y-Yrays and average over the nuclear orientations 


relative to the incident beam. Then Summing the expression so obtained over all 
values of f(s =i,f) one obtains 


WV if $ ‘i ane ve ; - 49 A 
Wi= qr NNe| Lin, P| ye; (&) [8 (Er 0) — a); (10a) 
j=1 


3m m 
~ 1 - ’ — Aiea - )r-—G.: ee 
We= TE NNe|Lis, P Sah) | 9) bts“ DF & f+ 
ix1 ' =" 
nm (n tee ans 1) | . SS Gui (€)) i ; (10b) 
Here < 
81 = — E+ hog; Dy (&) = Por F; (8, + ho (fi) — PogP (€):D7 (©) = PorsPj G1 — ho (f) — Pers s @)s 


Py; and Py; are obtained from P%-; by replacing 0.” by o. +o (f, ) and @or — @ (fi), 
respectively, and N is the number of unit cells in the scattering crystal. The 
vectors f; and f;, in (10b) satisfy the equations 
ow. (f. 

Mt) 
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where t’ and {t” are unit vectors in the directions of the incident and scattered 


. beams. 


From (10a) and (10b) it follows that for given fixed t’ and t” the excitation 
spectrum consists of a phonon part in the form of a band with a series of sharp 
peaks and some Mossbauer lines with half width 7/2. One of these lines is of fre- 
quency E/h (we will call it the fundamental line). The other lines are shifted 
relative to it by an amount wo; (f;), so that their positions in the spectrum are 
given by 


ho, = E + ha; (fi), 


where f; is obtained from (11). The fundamental Méssbauer line will be the most 


intense; its intensity is maximum at the Bragg angle. 
The number of Méssbauer lines in the excitation spectrum depends on the num- 


ber of solutions of (11) with i = 1, 2, ..., 3m and with .o lying within the 


spectrum of the emitter. In particular, at the Bragg angle, given by 


E " \eane 
5, ( —) =H, 
we have 
3 ; Be (f;) t” 
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It is easy to see that for the acoustical mode this equation is satisfied 
only if f; = 0, o; = 0; for the optical mode the equation is satisfied only for 
Maat >] v ’ 


= (9160 


small |f|, and therefore at the Bragg angle the excitation spectrum has, in addi- 
tion to the fundamental Méssbauer line, lines corresponding to the limiting opti- 


cal frequencies. 
We note that the conclusions we have obtained concerning the shape of the 


excitation spectrum depend strongly on the incident and scattered beam being | 
ideally collimated. Any dispersion in t’ and t” leads to diffusion of the Moss- 


bauer lines corresponding to f; + 0. y 
If one is able to find experimentally the position of the Mossbauer line 


E : 
with frequency , = |; +i, this same experimental data can be used to establish 
the vibration spectrum of the scatterer. For this case, finding f; corresponding 
to @; reduces to an elementary construction: the vector = tis drawn from an ar- 


pitrary site of the reciprocal lattice (it is directed at a lattice site); the 


vector 7 is drawn from the tail of this vector, and their heads are connected, 


obtaining s(t" — t’). 


If we know experimentally the distance from the fundamental Mossbauer line 


: } E + ho, 
to the i-th such line, we construct the vector ——'(t"—t’) and through its head 


draw a line parallel to t’. By marking off the vector + 't” on this line and con- 


@ 
Cc 
necting its head to the nearest reciprocal lattice site, we obtain the vector f 
corresponding to @;. The set of 0; and f; corresponding to them for different 
t’ can then be used to find w, as a function of f. 

In order to obtain the scattered y-ray spectrum (as a function of @,-) Eq. (9) 
must be summed over @, and averaged over all nuclear orientations relative to the 
incident photons. Then summing the expressions so obtained over f, one obtains 


U = N (Now + 4) (Lia, 2 (U1 + U2), 


where 


(0) 


— (t” — t’) — H) (12a) 


U,= S| n (fi) 
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ieee, WG. ae a SSPE pees 
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1 j=1 
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ae f 
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Py, and Py; are obtained from P*; b 
7 ; vo’j by replacing ©, by @, —; and q. @, , re- 
spectively, 6 is the Kronecker delta, and N is the number of unit ae aa the 
scatterer. The vectors f; and f; in (12b) satisfy the equations 
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‘where t’ and t” are unit vectors in the inc 
H is the reciprocal lattice vector. 


As a result of (12), the structure of the scattered y-ray spectrum (as a 
function of @.) is similar to that of the excitation spectrum, and therefore 
the results obtained previously for the excitation spectrum will hold for the 
scattered photon spectrum. 

We note also that in both cases the intensities of the lines corresponding 


= inelastic scattering (Eqs.(10b) and (12b)) increase with increasing tempera- 
ure. 


ident and scattered directions, and 


If the position of the Mossbauer lines with frequencies Wor =F 4 @;, can be 


established experimentally in the scattered photon spectrum, then similarly as 

above @; can be obtained as a function of f. All constructions in the reciprocal 

lattice space are performed as in the case of the excitation spectrum, except that 
2 Qi 47 

+ — tis replaced by +—t. 

We note that the f-dependence of ; can also be obtained from the intensity 
of the fundamental Mdéssbauer line in a way similar to the x-ray method , 11 with 
the advantage that the intensity of the Mossbauer line can be found quite accur- 
ately. 

It is impossible to express the scattering probability (8) analytically when 
%." Unj 1. From (8) one can obtain only qualitative information on the shape of 
the excitation and scattered photon spectra. For this purpose we use residue the- 
ory to integrate over x in (8), and then choose a = Wo, fo, t so that GO smax< 1 
(where @;max is the maximum normal frequency of the scattering crystal). Each of 
the integrals in the expression obtained is written as a sum of two integrals with 
the limits [0,a] and [a, «]. Then the triple integral with limits [0, w.] is writ- 
ten as a sum of eight integrals. Four of them, in which one integrates over yu with 
the limits [a, wo], are easily evaluated. Both in the excitation spectrum and in 
the scattered photon spectrum, for observation at the Bragg angle @,, they lead to 
a sum of the Mossbauer line and the phonon part of the spectrum, which is repre- 
sented by a Gaussian curve. The MOssbauer line is located on the side of the 
Gaussian curve at an energy lower than the maximum of the phonon part in the exci- 
tation spectrum and higher than the maximum of the phonon part in the scattered 
y-ray spectrum. 

The other four integrals, whose limits are [0,a] cannot be written analyti- 
cally. It can be shown only that they are relatively smooth functions of . or 
®.” and that the amount of scattering corresponding to these terms will not van- 
ish at angles other than the Bragg angle. 

It follows from this that for x, Unj 21 the spectrum will consist of a phonon 
part, and that at the Bragg angle it will contain a Mossbauer line whose intensity 
will decrease as %° Unj increases. 
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USE OF X-RAY BREMSSTRAHLUNG FOR INVESTIGATION OF ABSORPTION SPECTRA 
IN THE ULTRASOFT REGION 


- A.P. Lukirskii 


In an earlier paper! we described the possibility of utilizing x-ray brems- 
strahlung for investigating absorption spectra in the ultrasoft region. Thus, if 
one feeds high power into an x-ray tube, which is possible only by applying a 
high voltage of the order of several kilovolts to the tube, and filters out the 
short wavelength radiation, one can investigate the absorption spectrum by means 
of an efficient detector such as a Geiger counter. In our earlier work! we ob- 
tained effective filtration of the short wavelength radiation by utilizing the 
effect of "complete external reflection". In the same study we carried out a de- 
tailed investigation of diffraction gratings and showed that the lightly ruled 
glass gratings with 600 lines per mm prepared by the GOI (State Optical Institute) 
at a grazing angle of incidence of 5° 30' concentrate virtually all the radiation 
softer than 60 A in the first order. By means of a combination of such a grating 
with a reflecting filter, mounted at an appropriate angle, one can obtain a brems- 
strahlung spectrum virtually free of higher orders. 

The present work was concerned with investigation of the absorption spectrum 
of beryllium. In this work we used a spectrometer equipped with a focusing re- 
flecting filter2. The filter was prepared of glass and mounted at an angle of 
9° 36'. The source was a tungsten anode operated at 6 kv (I = 150 ma). 

Owing to relatively poor thermal contact between the tungsten plate and the 
copper base of the anode, the tungsten plate heated to about 2000°C. By virtue 
of this heating the surface of the anode remained clean over a prolonged period, 
which insured stability in time of the bremsstrahlung. The bremsstrahlung of the 
hot anode was measured repeatedly and we obtained excellent agreement as regards 
intensity (within 1-2%) over the entire region of the spectrun. 

The absorber was located in front of the entrance slit of the spectrometer. 
The distance between the anode and the entrance slit was 150 mm; this appreciable 
separation protected the specimen from the destructive effects of radiation. The 
beryllium absorber was prepared by vacuum evaporation. With a view to eliminat- 
ing the "effect of the backing'', we made attempts to prepare absorbers without 
a backing. To this end the beryllium was evaporated onto a polished slab of rock 
salt coated beforehand with a celluloid film. The film with the beryllium coat- 
ing was separated from the salt by immersion in water and was then dissolved in 
amyl acetate. The specimens prepared in this manner exhibited the metallic lus- 
ter characteristic of beryllium, were extremely brittle and virtually free of 

an in-holes. 
“pres 5 See tanta investigation of the absorption spectrum we chose the speci- 
men exhibiting the most contrasty spectrum. After selection of the specimen, we 
recorded without interruption the absorption spectrum and then the bremsstrahlung 
spectrum without the absorber. Inasmuch as the bremsstrahlung spectrum without 
the absorber had a high intensity and overloaded the Geiger counter, in recording 
the bremsstrahlung spectrum we disadjusted the anode, thereby equalizing the in- 
tensities with the absorber and without ea tncad aun The two spectra were re- 
of different counting rates. 
ite entrees caine spectra with and without an epee er recorded i sees a 
the series of measurements are reproduced in Fig.l. HDS DORERO NS 20 8) oh en : 
W(Ny—Nyzyz) emission line and a number of maxima and minima, gah otal eine 
SUS PALE IR edie sarap vwivere ae SRLIPAREL, off hota ethaetion grating and 
or splinters o1 g 
eihctok™ PLC EHe bent of the influence of fluctuation of the absorption 


- 924 - 


W(N,* Noy ) 


=a 


oe Sees! b je HE = ! bh 1 Bie 
1556 1444 193.2 122,0 1108 9934 88 76,8 664 AA 


Fig.1. Bremsstrahlung spectrum of the tungsten anode with the beryllium absorber 
(a) and without the absorber (b). 
Fig.2. Variation of log (I/Ig) with the wavelength. The log (I/Io) 
values for each of the curves are laid off from an arbitrary datun. 


coefficient on the "total external reflection’ curve of the reflector and grating. 
This interpretation is plausible inasmuch as the structure of the bremsstrahlung 
spectrum is located to the short wavelength side of the absorption edge of sili- 
con. The recorded curves were corrected for the "counting loss" of the counter, 
the dead time of which was determined by the method of two sources (C060) and 
found to be 2.9-10-4 sec. On the basis of the experimental data we calculated 

the values of log (I/I9), where I is the transmitted intensity and Ig is the inci- 
dent intensity. Inasmuch as the thickness of the specimen was not known, the 
change in I, as a result of disadjustment of the anode was not significant. 

Fig.2 shows the log (I/I9) vs wavelength curves obtained at different count- 
ing rates (curve 1 - maximum counting rate 880 pulses/sec; curve 2 - 380 pulses/ 
/sec; maximum counting rate for the bremsstrahlung spectrum without the absorber 
290 pulses/sec) and the analogous curve 3 obtained by Johnston & Tomboulian®’, 

The spectra were obtained with a diffraction grating having 600 lines per mm and 
a radius of curvature of 1 meter. The width of both the entrance and exit slits 
was 50 W, i.e., the resolved wavelength interval was approximately 1 A. 


Discussion 


Comparison of curves 1 and 2 in Fig.2, obtained at different counting rates, 
shows that they are virtually identical. In comparing our curves, however, with 
curve 3 there is evident a substantial difference in the short wavelength region: 
our curves 1 and 2 are appreciably smoother and have only three absorption peaks 
located at 65, 78.5 and 101.5 re assuming that the last peak should not be attri- 
buted to the "effect of the backing’. The absorption edges coincide; however, 
in our curves the absorption edge is sharper and has an additional shoulder or 
hump, not evident in curve 3. There is also a substantial difference between the 
slopes of the curves on the short wavelength side of the absorption edge. Below 
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we list the data on the positions of the absorption peaks obtained in the work of 
Johnston & Tomboulian® and in the present study: 


Distance of the absorption peaks (in ev) from the absorption edge 


Johnston & 
Tomboulian 


Johnston & 
Tomboulian 


Our data Our data 


The divergence between the results of Johnston & Tomboulian and ourselves 
should be attributed either to inadequate resolution of the spectrograph used by 
Johnston & Tomboulian or to the small number of lines in the line spectrum of the 
condensed spark discharge used by Johnston & Tomboulian as the source. The dif- 
ference between the slopes of the short wavelength sections of the curves can 
probably be explained by superposition of higher orders or errors in calibrating 
the photographic plates in the work of Johnston & Tomboulian (in calibrating the 
photographic plates4 it was assumed that the photographic effect is independent 


of the wavelength and the response of the emulsion is "flat" in energy, which is 
probably not true). 


Physics Faculty, 
Leningrad State University 
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SPECTROMETER FOR ULTRASOFT X-RADIATION WITH COMBINED DETECTION BY MEANS OF 
SECONDARY ELECTRON MULTIPLIERS AND A GEIGER COUNTER 
- A.P.Lukirskii 


Introduction 


Geiger counters and secondary emission multipliers (SEM) are the most effi- 
cient detectors of ultrasoft x-radiation; in addition, they allow of carrying out 
accurate relative intensity measurements. It must be noted, however, that the 
efficiency of SEM depends on the properties of the photocathode. The photoelec- 
tron yield of photocathodes, as we showed earlier!-3, depends substantially on 
the material of the photocathode, the angle of incidence of the radiation and the 
wavelength; the last dependence undergoes sharp changes at the wavelengths of the 
absorption discontinuities of the photocathode material. 

The through type Geiger counter is a very reliable and efficient detector. 

It has been shown that the efficiency in the region of ultrasoft x-radiation is 
determined entirely by the transmission of the counter window. It is feasible to 
prepare windows with high transmission even in the ~200 A region. In preparing 
such windows, it is essential to check the transmission experimentally inasmuch 
as evaluation of the thickness of films of the order of a few hundred angstroms 
is necessarily only approximate; moreover, there is a scarcity of accurate data 
on the variation of the absorption with frequency in the region of ultrasoft x- 
radiation. For practical solution of the problem of choosing a suitable radia- 
tion detector, in this report we propose a spectrometer design, which incorporates 
both an SEM and a Geiger counter with provision for interchange of the detectors 
at any time during operation of the spectrometer by means of an external control. 

The interference of higher orders of reflection, particularly in investigat- 
ing absorption spectra, gives rise to serious difficulties in experimental studie: 
In Ref.4 we described a method of filtering out higher orders of reflection based 
on utilization of the effect of "complete external reflection". A shortcoming of 
the filter described in Ref.4 is the fact that it was located close to the anode 
which led to the appearance of a deposit on the filter in the process of operatio1 
and, consequently, a reduction of its reflecting power. Arbitrary increase of the 
separation between the tube anode and the filter is not expedient inasmuch as it 
leads to loss in intensity. 

In the spectrometer described below the filtering element is a spherical glas 
mirror, which simultaneously reflects and focuses the radiation. Because it focu: 
es the radiation, the mirror can be mounted at a greater distance from the anode 
and entrance slit, thereby minimizing the build-up of contaminating deposits and 
insuring a clean surface for a prolonged period. Locating the anode at an appre- 
ciable distance from the slit also makes it possible to mount the absorber (speci- 
men in investigating absorption spectra) immediately in front of the entrance sli- 
which is important in investigating absorption spectra (for example, see Ref.5). 


We note also that use of a focusing reflector makes it possible to use a sharp 
focus x-ray tube. 


Design of the Spectrometer 


The spectrometer is diagramed in Fig.1. The position of the receiving slit 
1 on the focusing (Rowland) circle is set by the heavy lever 2. The axis of the 
lever is positioned by means of a spherical bearing on bracket 3, which is rigid]. 
attached to the flat base 4 of the spectrometer. The end of the lever rests on 
two caster bearings 11 that roll on the base. The lever is actuated by the screw 
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Fig.1. Diagram of the spectrometer. 


7, mounted on the chord of the focusing circle (the lever is moved by a nut on 
the feed screw, moving in a swallow-tail guide mounted on the base). The end 

of the feed screw is brought out through a vacuum lock and sylphon and is coupled 
by a cylindrical gear train with the turn counter and the reduction gear of the 
motor. The counter allows of reading displacements in divisions of 10 uw over the 
circumference of the focusing circle. 

The receiving slit and table carrying the detectors 9 is coupled with the 
lever by means of two thrust bearings, and can be rotated about the center of the 
grating by means of rod 12. There are two swallow-tail guides on the table: 10 - 
for bringing the counter out of the beam and 8 - for adjusting the SEM. The con- 
trol screws moving these units in the respective swallow-tail guides are connect- 
ed to two manipulators 5 and 6, which are brought out through appropriate seals. 
One of the manipulators can be connected for adjusting the angular position of 
the receiving slit to align it with the beam. 

The entrance slit 14 and aperture 13 define the width of the illuminated sec- 
tion of the diffraction grating; the grating is mounted on an adjustable stage, 
which has provision for adjusting the relative positions of the slit, aperture 
and grating and the position of the entire assembly relative to the axis of the 
main lever. All the slits and the aperture have provision for regulating their 
width. The focusing reflector 21 is mounted in front of the entrance slit; this 
spherical mirror is mounted on an adjustable stage connected with the axis of the 
angle gage 22, which allows of setting the angle of the mirror to within l'. In- 
asmuch as the mirror focuses only when the source and image are located on the 
focal circle of the mirror, a number of interchangeable mirrors with different 
radii of curvature is used for setting different angles of reflection with the 
same distance between the mirror and the entrance slit and between the mirror and 
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the anode. The x-ray tube is mounted in front of the mirror; the tube housing 
18 is made of stainless steel. The anode 19 is a water cooled copper rod with a 
four-sided tip. The anode is connected with housing by the insulator 24 and the 
tapered joint 23; the latter provides for turning any one of the four faces of 
the anode to the working position. The anode rod is attached to the insulator 
through membrane 25, which allows of adjusting its position during operation of 
the spectrometer. 

In front of the slit is the manipulator for introducing the absorber 15 into 
the beam without disturbing the vacuum. The appreciable separation between the 
absorber and the anode safeguards the absorber from disintegration by intense 
radiation. Between the tube and the reflector there is the separating slit 20 
which helps maintain the pressure differential in separate pumping of the volume 
of the spectrometer and x-ray tube. The area of this slit is 10 mm2, 

The apparatus is evacuated by two TsVL-100 diffusion pumps 16 and 17. One 
pump evacuates the volume of the spectrometer; the other the x-ray tube. Each 
vacuum line has an oil deflector and trap. In addition, there is a trap in the 
spectrometer and another one in the x-ray tube. This vacuum system allows of 
obtaining a vacuum of 1-1075 mm Hg in the spectrometer and (1-2) -107§ mm Hg in 
the x-ray tube by direct pumping. 

The diffraction grating is mounted at a grazing angle of 5° 30' relative to 
the beam; this lightly ruled glass grating was prepared in the State Optical In- 
stitute and has 600 lines per mm and a radius of curvature of 1 meter. The dis- 
tance between the receiving slit and the reflector is 75 mm; this is also the 
distance between the reflector and the anode. The effective range of the spec- 
trometer (with the 600 lines per mm grating) is 40 to 450 Ae 


Radiation detectors and recording system 


The spectrometer employs a secondary electron multiplier (SEM) and a Geiger 
counter. 

The SEM was prepared in the State Opti- 
cal Institute and has dynodes of beryllium 
bronze. The standard curved cathode was re- 
placed by a flat photocathode mounted sepa- 
rately from the SEM: flat photocathodes al- 
low of more accurate judgment of the effici- 
ency of the detector owing to the strong de- 
pendence of the photoelectron yield on the 
angle of incidence.3 The SEM is supplied 
from a stabilized high voltage source. The 
first dynode is grounded and a negative po- 
tential is applied to the photocathode. This 


Fig.2. Block diagram of the de- supply system significantly reduces the back- 
tecting-recording system: 1) high ground of the SEM. 
voltage supply for the Geiger The signal from the SEM is picked up by 


counter, 2) power supply and phase a cathode follower and fed to a PS-10 000 
inverter, 3) supply regulator, 4) "Floks" unit. The negative voltage of the 
PS-64 scaler circuit, 5) counting "Floks" unit is used for supplying the photo- 


rate meter, 6) electronic PS-1l cathode. The signal for the counting rate 
ee see: 7) cathode follower, 8) meter and the automatic PS-1 recorder (for 
gh voltage regulator (2500 to installation of which a minor modification of 


‘aT W ' 
6000 v), 9) "Floks" unit. the "Floks" circuit is necessary) is taken 


off the cathode follower, located in the 
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"Floks" after the "resolving time" stage. The counting rate meter is based on a 
system consisting of an integrating capacitor and a vacuum tube voltmeter with 
negative feedback. This system allows of counting at rates of up to 10° pulses/ 
/sec with an accuracy of ~1%. 

The design of the through Geiger counter and the recording system has been 
described earlier.’ We note only that in the given instrument the signal from 
the external stage of the recording circuit of the counter is also applied to the 
counting rate meter and the automatic recorder. The cathode follower of the SEM 
and the external counter stage (quenching circuit and phase inverter) are located 


in the vacuum in the immediate proximity of the detectors. A block diagram of 
the detecting-recording circuit is shown in Fig. 2. 


X-ray tube supply 


The x-ray tube is supplied from a high voltage sbatilizer and an anode cur- 
rent regulator. The anode current regulator has a circuit similar to that of the 
stabilizer in the URS-50-I unit. The high MAMA regulator is of the same type 
as in the earlier described x-ray monochromator. 


Adjustment of the spectrometer 


The initial adjustment of the spectrometer comprised two stages: a) posi- 
tioning the slits and grating on the focusing circle as set by the lever (2 in 
Fig.1), and b) checking the parallelism of the slits and grating and the perpen- 
dicularity of these units relative to the plane of the focusing circle. The 
first stage was carried out simply by measuring the distance between the axis of 
rotation of the lever and the slits and grating. The second stage was carried 
out by autocollimation: by aligning the image of a point located on the axis of 
the lever at a certain height with the point itself. The image is reflected 
either from the center of the diffraction grating or from a plane-parallel plate 

of glass clamped between the jaws 
ALL Bex cK of the slit at a certain height. 
Hf Obviously, in the process of 
autocollimation of the grating 
its angular orientation is also 
set. 


The adjustment of the spec- 
ase SS Ee eae a 
20 200.190 180 170 127 Wg i9 «SG «CaCO A trometer was checked by comparing 


the first and 
Fig.3. Emission lines obtained without the re- ‘he Mog lines in the first an 


second orders. With a slit width 
flector (automatic recording). Led 9 tate Sa AER EE CRE 


jmental line half-widths in the first and second orders equal to 0.75 and 1.25 A, 
respectively, which on the assumption that the lines have the classical disper- 
sion shape, yields an instrument error of 0.25 A. The calculated Amin for 5 uw 
wide slits is 0.093 A. Consequently, the inaccuracy in adjustment led to an er- 
° A. 
oy Be oe vee fo the operation of the instrument we show in Fig.3 the familiar 
emission lines: Be K in the lst, Al Lyz yyy in the lst, and C K in the 6th order. 
These lines were recorded using the Geiger counter as the detector and without 
the filtering reflector. The Be and Al lines were obtained using metallic pow- 
ders rubbed into the anode. Obviously, the metals heated up to some extent, 
hence the short wavelength sides of the lines are somewhat smeared out (tempera- 
ture broadening of the Fermi edge). In the trace of the Al line there is evident 
superposition of the fourth order reflection from carbon. These lines were all 


recorded with slit widths of 10 uy. 
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Operation of the reflecting filter 


The filtering action of the reflector was tested by observing emission lines | 
as well as bremsstrahlung spectra. Fig.4 shows two curves characterizing the 
Al Liz 111 emission pand recorded under the same conditions with and without the 
reflector. The reflector had a radius of curvature of 449 cm and was mounted at 
an angle of 9° 36'. It will be evident from an examination of the curve obtained 
with the reflector that in this case there is no superposition of the fourth or- 
der carbon line. Investigation of the carbon line in the first order showed that 
it is approximately 20 times weaker than the Al Lyyz yyy line. Fig.5 gives the 


bremsstrahlung spectrum of tungsten recorded with and without the reflector. 
MeO, 
Th4 No-Oy 
Nat Oy 


IK win Wty) LOK 
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40200190 180 170A M444 133,2 122,018 994 88 76,8 66,4 55,8 44 4 
Fig.4 FSS 
Fig.4. Al Lyy 111 emission band recorded without a reflector (a) and with a re- 
flector (b). 
Fig.5. Bremsstrahlung spectrum of tungsten recorded without a reflector (a) 
and with a reflector (b). The intensity scales are arbitrary. Emission 
lines are clearly discernible in the curves; in addition, in curve b there 
are evident sharp maxima and minima. The possible Retin of these maxima 
and minima is discussed in Ref.8. 


sail te means of the diffraction grating employed in the instrument, which con- 
entrates virtually all the radiation of wavelengths >60 A in the first order 
, 


one can obtain the bremsstrahlung spectrum i 
n 
Beegeiontae’ higher ted pe the X > 60 A region free of super- 


Efficiency of the Geiger counter 


seo) crn to earlier tests’, for a Geiger counter filled with argon to a 
p ove 30 mm Hg the detecting efficiency as regards radiation softer 
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than 113 A is determined entirely by the transmission of the counter window. The 
, transmission of the counter window was determined with reference to the charac- 


teristic Be K, Al K and Li K lines with the aid of the SEM. The following data 
were obtained: 


rn, A Efficiency 

113.6 0.65 

et ie O 0.35 

232 0.19 
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MICROFOCUS X-RAY SPECTROGRAPH 
- I.B.Borovskii, S.A.Ditsman & V.G.Bogdanov 


Development of the method of x-ray spectroscopic chemical analysis of micro- 
volumes has resulted in the design and construction of a pumpel of different 
microanalysis units! including some scanning microanalyzers“. In an earlier re- 
ports, we proposed using the method of microfocus spectroscopy for investigating 
the fine structure of emission x-ray spectra. 

Where local x-ray spectrochemical analysis is concerned no particularly rigo 
ous requirements are imposed on the instrument as regards resolution: a resolutio. 
of 2 X (for the KQ1-Kalg doublet) is generally adequate. On the other hand, for 
investigating fine structure, the basic requirement is high resolution of the in- 
strument and precise indication of the wavelength of the investigated line, i.e., 
an accurate wavelength scale. 

In the present report we describe the design of a new microfocus x-ray spec- 
trograph intended for investigation of the fine structure of x-ray emission spec- 
tra. This instrument can, of course, be also used for analytic purposes. 

The spectrograph employs a Kapitsa-Johann mounting with a bent quartz crys- 
tal (R = 500 mm). The instrument provides an operating range of Bragg angles 
from 25 to 60°, using reflection from the (1340), (1010) and (1011) planes to 
cover the wavelength range from 1 to 7 A. 

To facilitate investigation of the shape of emission lines, the design of 
the instrument provides for smooth variation of the angle of reflection in a nar- 
row range of Bragg angles (0.5-1°). The minimum change in angle is 5-6" and is 
read on the displacement indicator. This angular displacement of the crystal cor: 
responds to a “1072 X change in wavelength. With the optimum size of the working 
surface of the crystal this change agrees in order of magnitude with the mono- 
chromaticity of the reflected radiations.4 The radiation detector and slit are 
located on the Rowland circle. 

The kinematic system of spectrograph operates on the same principle as the 
systems employed in the instruments developed by Ohlin® and Brogren®, Change in 
the conditions of reflection in these instruments is realized by linear displace- 
ment of the crystal with simultaneous rotation thereof through an appropriate 
angle. 

Use of the linear displacement kinematic system allowed of simplifying the 
design of the instrument as a whole as well as of certain of its components. Thu 
for example, angular indication of the position of the crystal is replaced by in- 
dication of its linear displacement. This design also does away with the need 
for a wide exit window in the x-ray tube. This simplifies the vacuum connections 
and seals and reduces the total amount of scattered radiation, which enhances the 
sensitivity of the instrument. 

In this type of spectrograph the beam always emerges from the specimen in 
the same direction. This provides the same conditions for emergence of the radia 
tion in the entire working wavelength range. 

The design of the instruments of Ohlin5, Brogren® and Sandstrdm? have the 
shortcoming that they do not assure Synchronous displacement of the radiation 
source, crystal and detector in a wide range of angles. Recently, one of us (see 
Ref.8) developed a spectrograph for investigating the fine structure of x-ray 
spectra in which there was also utilized the principle of the Ohlin instrument. 
In this instrument, however, there was realized automatic coupling between the 
displacement of the crystal and radiation detector in a wide range of angles. Ho 
ever, the design of this instrument, like that of the other instruments mentioned 
above, was predicated on work with a wide focus radiation source and thus preclud 
the use of microsources mounted on the Rowland circle. | 
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Fig.1 


Fig. 2 


Fig.1. Diagram of the microfocus spectrograph. 
Fig.2. Top view of the spectrograph: 1 - curved guide, 2 - crystal carriage guides, 
3 - analyzer crystal, 4 - radiation detector carriage guides, 5 - radiation de- 
tector, 6 - crystal displacement indicator. 


The kinematic system of the present instrument is diagramed in Fig.l. The 
microfocus source is mounted on the Rowland circle. If the crystal is in posi- 
tion Kj (angle 6)) the reflected beam enters the slit of the detector (FK, = KjC)). 
In this case the center of the Rowland circle is at point 0O,. With displacement 
of the crystal to position Kg (angle 62) to maintain focusing the Rowland circle 
must be displaced so that its center will occupy position 09. Now the radiation 
reflected from the crystal will enter the detector slit if FKg = KoCo and Cg lies 
on the Rowland circle. 

The mechanical system of the spectrograph insures fulfillment of these condi- 
tions in the following manner. The crystal and counter guides (FK and KC) are 
equipped with two screws with the same pitch, and these are rotated simultaneously. 
With displacement of the crystal from K} to Ks there is automatically maintained 
equality of the chords FKo and KgCo. At the same time the center of the Rowland 
circle, which is the end of the rigid arm OK (0)K] = O9K9 = R/2) is displaced to 
the point 09, sliding along the curved guide (1 in Fig.2), the radius of curvature 
of which is equal to that of the Rowland circle. The arm OK is perpendicular to 
the surface of the crystal which provides for rotation of it relative to the angle 
of incidence of the radiation. The arm OC (0]C] = O9gCo = R/2) maintains the de- 
tector slit on the Rowland circle, as the circle is displaced relative to the radi- 
ation source F. The instrument design has provision for adjustment of the system 
to compensate for minor variations in the radius of curvature of the crystal: the 
lengths of the arms OC and OK and the distance FO can be varied within the range 
of 5 mm. 

The displacement of the crystal is realized by means of an electric motor or 
manually. Rough indication of the position (angle) of the crystal is read to with- 
in 0.2 mm on the indicator scale. In investigating fine structure the position of 
the crystal is given by the fine displacement indicator to within 0.01 mm. In 
this type of instrument the wave dispersion is constant in the entire range of 
working angles. 9 In the given case in using a quartz crystal with reflection from 
the (1340) planes, the dispersion equals 4.7 X/mm. Displacement of the crystal by 
0.01 mm corresponds to a ~107-2 X change in reflected wavelength. Since the line 
width in x-ray spectra is of the order of one or more X, the wavelength indicating 
arrangement insures the precision of displacement necessary for investigating line 


shapes. 
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| Bef Fig.4. Diagrams of two-channel instruments: a - with 
o 5 10X displacement of the crystal along the circumference 
of a circle, b - with linear displacement of the 
Fig.3. KO ,-KO,o and KB, -Kp ' crystal. 
lines of Fe recorded on the A photograph of the spectrograph is reproduced 
spectrograph. in Fig.2. The other components of the microfocus 


instrument (electron-optical system, supply units 
and vacuum system) are similar to those employed in the RSASh-2 spectrograph. 

Investigation of the shape of emission lines is carried out by displacement 
of the crystal in 0.02-0.03 mm steps with reference to the displacement indicator 
and simultaneous detection of the reflected radiation. Fig.3 shows the results 
of investigating the shapes of the KQ)-Kdo and KB)-KB' lines of Fe with reflection 
in the first order from the (1011) planes of the quartz analyzer crystal. The 
parameters of the recorded lines are in good agreement with the results obtained 
by means of other x-ray spectrographs. 

As was noted above, the present spectrograph design can be used in microana- 
lyzers. In this case there is no need for precise indication of the position of 
the crystal so that the requirements as regards accuracy in this respect may be 
relaxed. The developed spectrograph system makes it possible to simplify the de- 
sign of a two-channel microfocus instrument. The usual system with circular dis- 
placements is diagramed in Fig.4,a; in this case the overall range of angles of 
emergence of the radiation from the specimen chamber and microfocus tube is large. 
This greatly complicates the design and arrangement of the instrument components. 
Use of the system with linear displacement of the crystals allows of reducing the 
angle between channels, using smaller exit windows and simplifying the design of 
the instruments in a number of respects (Fig.4,b). 


"A.A.Baikov' Institute of Metallurgy, 
Academy of Sciences of the USSR 
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INVESTIGATION OF THE REGION OF A MICROFOCUS SOURCE IN AN X-RAY MICROANALYZER 
- S.A. Ditsman 
The development of microfocus x-ray 


in microvolumes has raised a number of pr 
lyzers. 


instruments for spectrochemical analysis 
RETR ' oblems involving the optics of microana- 
red = g ese are proper choice of the method of focusing the radiation on 
e working surface of the crystal with a view to obtaining the optimum parameters 
of the microanalyzer, evaluation of the transmission, sensitivity and resolution 
of the x-ray spectrograph, the distinctive features of reflection of the x-radia- 
tion from a microfocus source from bent and plane crystals of different types 
(quartz, mica, lithium fluoride, organic crystals), etc. 

In an earlier paper! we discussed some of the distinctive features of reflec- 
tion of x-rays from a bent crystal in the case of a microfocus source. In the 
present contribution we consider the region located near the Rowland circle of a 
bent crystal in the immediate proximity of the microsource. 

The particular interest in this region is due primarily to the development 
of scanning x-ray spectroscopic microanalyzers2, The principal purpose of instru- 
ments of this type is to obtain a picture of the distribution of a given element 
over the surface of the specimen, which may measure up to 150 by 150 microns. In 
order to obtain an undistorted picture of the distribution of the investigated 
element, it is essential that the conditions of reflection of the radiation from 
the crystal remain constant (or change very little) with displacement of the elec- 
tron probe. Whether these conditions are satisfied depends on the choice of the 
x-ray-optical system of the microanalyzer; they can, for instance, be readily 
satisfied if one uses a plane crystal as analyzer. In this case displacement of 
the source relative to the specimen virtually does not change the conditions of 
reflection from the crystal. However, enhancement of the quality of the image ob- 
tained by means of a scanning microanalyzer requires increase of the effective 
transmission and improvement of the resolution of the spectrograph. These require- 
ments can usually be satisfied by using a bent crystal. This, however, demands 
special investigation of the variation in the conditions of reflection of the 
radiation from the crystal with displacement of the microsource. Fundamental in 
such investigations is determination of the variation in the intensity of the 
radiation reflected from the crystal as a function of displacement of the micro- 
source in the vicinity of the Rowland circle. In designing the x-ray-optical sec- 
tion of scanning microanalyzers it is essential to know the extent and location 
of the region wherein the variation in intensity is insignificant. 

Investigation of the region within which the investigated radiation will be 
reflected from the crystal with displacement of the microsource (hereinafter we 
shall refer to this region as the "microsource region") is also essential from 
the standpoint of evaluating the accuracy of adjustment of microanalyzers. For 
obtaining the maximum transmission factor it is also important to know the para- 
meters of the section of the microsource region, corresponding to the maximum in- 
tensity of the reflected radiation. Below we shall consider the geometric theory 
of the microsource region and the results of experimental investigation thereof 
in the specific case of a spectrograph with a Kapitsa-Johann mounting. 


Geometric theory of the microsource region 


For the sake of simplicity we shall first investigate the microsource region 
in the case of a monochromatic point source and an ideal crystal (reflection curve 
of infinitesimal width), and shall then extend the results to the case of a non- 
monochromatic source and an actual crystal. The existence of the microsource re- 
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conditions of reflection of the radiation from 
the source from the Rowland circle of the crystal 
in the vicinity of point P (Fig.1). The boundaries of the microsource region cor- 
respond to displacements of the source to locations for which the conditions of 
reflection of the radiation from the crystal no longer obtain. 

In the work of Ref.1 we investigated the conditions of reflection for a ray 
originating at point P, lying on the circle of radius R/2 and incident on an arbi- 
trary point L (coordinates /,/) on the surface of the crystal curved to a cylin- 
der of radius R. Usually in x-ray spectrographs 1,h<R. We then have the fol- 
lowing expression for the glancing angle at the point L on the surface of the 


crystal: 


gion is due to the persistence of 
the crystal with displacement of 


: : 12 h? 

sin 0, = sin 0 + ope Clg bcos0 — mane) (1) 
where 0 is the glancing angle of the ray PO at the central point of the crystal. 
Let us determine the glancing angle %. of the ray at the point L upon displacement 
of the microsource from point P to point F. For small displacements of the micro- 
source, we obtain from general geometric considerations 


sin} = sin 0, — + (ctg 0-dx + dy), (2) 


where dx and dy are the components of the dis- 
placement of the microsource. It follows from 
the last expression that in general displace- 
ment of ‘the source leads to change in the condi- 
tions of reflection of the ray at the given 
point on the crystal, i.e., to change in the 
reflection pattern on the surface of the crys- 
tal. Let us find the microsource displacement 
for which the conditions of reflection do not 
change significantly. To this end, setting 

3. = 9: in (2), we obtain 


Fig.l. Diagram used for deri- dx = tgtdy. (3) 

vation of the equations de- 

scribing the conditions of This gives us the displacement of the source 

reflection of the radiation for which the reflection pattern on the surface 

from a bent crystal with dis- of the crystal does not change. 

placement of the microsource Let us consider the change in the condi- 
from point P, tions of reflection of the radiation for the 


displacements of the source indicated in Fig.l. 
Determining the components of the displacement for each case from the diagram and 
introducing them into (2), we obtain 


AaaGe % l 
sin im = sin ee aa ay,9 Fiand? (4) 


boy 


sin}, = sind, + = = ee (5) 


Invoking (1) and setting +. = 0, we obtain the equations for the locus of 
the points of equal glancing angles on the surface of the crystal for the given 
displacements of the microsource: 


h? = cos? + 2a, 


Fig.2. Reflection patterns cor- 
responding to displacements of 
the microsource, obtained ex- 
perimentally for Fe KO) 2 radia- 
tion (a) and from theory (b). 
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h? = I®cos?0 + 26. 4R. 


The first expression characterizes the de- 
pendence of the conditions of reflection from 
the semiplane of the crystal (l>0 and 1<(). 

The locus of the points for these cases, corre- 
sponding to the reflection pattern on the surface 
of the crystal, is shown in Fig.2,b. It follows 
from the results that in the case of a type dis- 
placements there are always present points near 
the center of the crystal where there are ful- 
filled the conditions for reflection of the 
radiation. The size of the microsource region 
in this direction is not limited by the dimen- 
Sions of the crystal. However, in case of dis- 
placements of type b the locus of the points 
shifts outside the boundaries of the working 
surface of the crystal, thus limiting the size 
of the microsource region. Let us evaluate the 
size of region bhi. Now we take into account 

the nonmonochromaticity of the source and the 
finite width of the reflection curve of an actual 
crystal. Using in (5) instead (1), the analog- 
ous expression but for the case of a nonmono- 
chromatic source! , we obtain 


wn : An r ) b 
tame ; ( fs —_ 1 
sin Oy sind + (5 tg¥ 5 Rsind ! a Rsind’ 
whence 
ome 2 hes (AK r 6 . 
by = 57 — 57 008 ed G gu Schmay ree base cle 


Evaluation of this quantity for \ ~ 2-103 xX, 
MA +2X, 7x10 yp, R= 5°102mm, 6 +10" and 
@ ~20° for a crystal with the dimensions ) = 
= 7.5 mm and / = 7.5 mm yields a value of about 
100 uw; evaluation of Jb: leads to an analogous 
result. Thus the full width of the microsource 
region amounts to ~200 yu, or in the case of a 
small working surface (kh = 1=0) to about 100 yn. 
In the last case the width of the microsource 
region is determined primarily by the nonmono- 
chromaticity of the investigated line. 

One can get a clearer idea of the micro- 
source region by investigating the intensity of 


the radiation reflected from the crystal as a function of the position of the 
microsource. It is convenient to present the results of such investigation in 
the form of a three dimensional figure, where the XOY plane represents the plane 
of the Rowland circle and the ordinate Z at each point corresponds to the intensi- 
ty of the reflected radiation with the microsource located at the given point. 

The maximum intensity of the reflected radiation corresponds to a cruciform re- 
flection pattern on the surface of the crystal (in particular, when the micro- 
source is located at point P), and any change leads to decrease in the intensity 
of the reflected radiation. On the basis of the above relationship one can form 
an approximate idea of the cross sections of the three dimensional figure. 
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Three such cross sections and the corre- 
sponding patterns of reflection from the crys- 
tal are shown in Fig.3. Cross section 1 is made 
in the direction a, cross section 2 - in the di- 
rection b, and cross section 3 - in the direc- 
tion given by conditions (3). Cross sections 1 
and 2 have a maximum at point P, while cross 
section 3 is invariant and gives the extent of 
the microsource region in this direction. 

In the above investigation we did not take 
into account the finite thickness of the re- 
flecting layer on the surface of the crystal; 
taking this into account can only lead to in- 


Fig.3. Cross sections of the crease in the size of the microsource region 
microsource region and appear- for hard radiation. 
ance of the corresponding re- 

flection patterns. Experimental investigation of 


the microsource region 


For experimental investigation of the micro- 
source region we used the equipment described in 
Ref.3. The electron probe was displaced over 
the specimen by means of a dc voltage applied 
to two pairs of deflecting plates, incorporated 
into the microfocus tube specifically for this 
purpose. This arrangement made it possible to 
deflect the electron probe in different direc- 
tions and set it on any desired spot. The dis- 
placements of the probe were also observed visu- 


Fig.4. Microsource regions for ally by means of a microscope. 

crystals with working surfaces In our experiments we used Fe KO radiation 
of different size: 1 - 15 x 15 in the second order of reflection from the (1010) 
mm, 2- 1x 1 mm, planes of a quartz crystal. The radius of cur- 


vature of the crystal was 500 mm; the diameter 
of the microsource about 10 un. 

The results of the experimental investigation of the pattern of reflection 
from the crystal with displacement of the source in direction a are shown in Fig. 
2,a. The maximum displacement equalled 6 mm. These results are in good agreement 
with the results of theoretical determination of the reflection pattern (Fig.2,b). 

Fig.4 shows the shape of the microsource region for different working sur- 
faces of the crystal: 1) 2h = 2] = 15 mm and 2) 2h = 2/= 1mm. It will be evident 
that the size and shape of the microsource region depend on the dimensions of the 
working surface of the crystal. Thus the width of the region corresponding to 
half the maximum intensity of the reflected radiation is ~270 » in the first case, 
and 130 » in the second case; this is in agreement with the above evaluation of 
the size of the microsource region for the case of a small working surface. The 
microsource region extends over the entire investigated section of the specimen 
(0.5 x 0.3 mm) and has a Clearly pronounced maximum. 

Fig.5 shows two sections of the microsource region located at a distance of 
2mm from the point P. It follows from this result that the microsource region 


has an appreciable size and extends more than 4 mm in the direction given by con- 
dition (3). 
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Of particular interest is deter- 

mination of the size of the section 
I of the microsource region correspond- 
ing to maximum intensity of the radia- 
tion reflected from the crystal. Eval- 
uations show that the region of maximum 
intensity of the reflected radiation 
for a crystal with dimensions 2h = 2l= 
= 15 mm is less than 20 p in extent, 
i.e., is very small compared with the 
overall size of the microsource region. 
This section, however, extends at least 
0.5 mm in the direction given by the 
condition (3). 


Fig.5. Sections of microsource region. 
Conclusions 


Our experimental and theoretical investigations of the conditions of reflec- 
tion of radiation from a crystal bent by the method of Kapitsa-Johann showed that 
with displacement of the microsource from the Rowland circle within the boundaries 
of a certain region there is obtained acceptable reflection of the radiation. This 
region has a clearly pronounced section corresponding to maximum intensity of the 
reflected radiation; under our experimental conditions the dimensions of this 
maximum intensity section were approximately 20 x 500 ui. 

Use of a bent quartz crystal in the x-ray spectrograph of a scanning micro- 
analyzer under the conditions described in the present work is difficult owing to 
the extremum character of the microsource region. Increase of the region of maxi- 
mum intensity is feasible by using a larger working surface, but this leads to de- 
crease of the resolution and sensitivity of the instrument. 

Evaluation of the accuracy of adjustment of conventional microanalyzers for 
the purpose of obtaining the maximum intensity of the radiation reflected from 
the crystal (maximum transmission) shows that the tolerance in matching the radius 
of curvature of the crystal and the kinematic system of the instrument should not 
exceed 1 millimeter. 

It is not expedient to attempt to investigate the size of the microsource re- 
gion on the basis of the geometric theory of reflection pf radiation from crystals 
for the cases of focusing of the radiation by the method of DuMond and Johansson. 
The dimensions and shape of the microsource region, as was shown above, are deter- 
mined by the character of reflection of the radiation from the crystal. This for 
the DuMond method of focusing depends on the quality of bending of the crystal and 
can be taken into account only for ideal curvature of the crystal to a cylindrical 
surface. This, however, is not realized in practice. Hence in such cases, in- 
stead of theoretical analysis, it is expedient to carry out experimental determina- 
tion of the microsource region. 

I desire to express my gratitude to I.B.Borovskii for his interest in the 


work and helpful discussions. 


"A,A.Baikov' Institute of Metallurgy, 
Academy of Sciences of the USSR 
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ON THE POSSIBILITY OF QUANTITATIVE ANALYSIS BY MEANS OF X-RAY SPECTRA 


WITHOUT THE USE OF STANDARDS 
=~ NePTivan 


The introduction of ionization methods for recording line intensities in x- 
ray spectra has greatly enhanced the sensitivity and accuracy of quantitative x- 
ray spectroscopic analysis. There remains, however, one important source of error 
namely, that involved in calculating the concentration on the basis of the measure 
line intensities. The complex nature of the variation in the line intensity with 
conditions of excitation and the composition of the anode material precludes direc’ 
evaluation of the concentration from the line intensity; hence in quantitative 
analyses, the accuracy of determination is determined mainly by the reliability 
of the external standards and the calibrating procedure employed’. 

In x-ray spectroscopic microanalysis, when it is required to investigate the 
distribution of all the different elements present in the microstructure of a 
specimen, the difficulties of the method of external standards increase greatly, 
inasmuch as it is necessary to provide a large number of standards with a high 
degree of homogeneity. Preparation of such standards is not easy even for two 
component systems and for multiple component systems becomes almost impossible. 

The correction procedure proposed by Castaing2 and based on recording the 
spectrum at different angles of emission of the radiation from the anode does 
simplify the "standardization" but is complicated and laborious. 

The purposes of the present work were to elucidate general regularities 
governing the variation in intensity of the x-ray lines as a function of the 
specimen composition and to find a simple correction function that could be cal- 
culated on the basis of a few empirical parameters and generally available tabu- 
lar data. 

A typical case of variation of the analytic line intensity as a function of 
the composition for some standard alloys is illustrated in Fig.1, where the hori- 
zontal scale is laid off in concentrations (percent by weight) and the vertical 
scale in relative intensities of the KO, line of the element referred to the line 
intensity for the pure element. Analysis and generalization of the available ex- 
perimental material for a number of systems led us to the following inferences. 

1. Most experimental points lie below the straight line given by /,,/Je, = Ci, 
and the deviation from the straight line is the greater the higher the absorption 
coefficient of the other component for the wavelength of the analytic line. 

2. The points for elements that are selectively excited by the radiation from 
the second component lie consistently above the line. 

3. An appreciable difference between the components as regards atomic numbers 
and densities (for example, Au-Cu and Mo-Be alloys) has less effect than selective 
absorption and excitation. 

Hence the correction function must take into account self-absorption uw of the 
radiation in the specimen-anode and fluorescence excitation d-;, One must also 
take into account the smaller correction A for the variation in depth of penetra- 
tion of the electrons depending on the anode material. 

Hence in general form one can write 


Io, /Te, = Cif (u, A, d¢ ). (1) 


Correction for absorption in the specimen 


| 


which the correction for absorption of the radiation in the specimen predominates 


To start, let us consider a two-component system, for example, Ni-Fe, in : 


- 941 - 


In analysis of a 50% Ni + 50% Fe alloy with reference to the Ni Kd) line there was 
obtained the intensity ratio By; = I,/Inj = 0.34, Hence the correction function for 


I, / Fy; 
this alloy f, (u) = oe ely i = 0.68. 
; r 


It may reasonably be assumed that the function fi (u), taking into account the 
absorption of the radiation in the specimen, must be exponential (¢-*), and, 
taking into account the absorption in the alloy and in the pure element, will be 
of the form fi (U) we “e*e~he%e) where u. is the linear absorption coefficient of the 
Ni KO] radiation in Ni, and &, is the absorption coefficient of Ni KO] radiation 


in the alloy. For an alloy of known composition, invoking the law of additivity, 
we can write 


ae a > Ch, 
i=1 


where pw, can be found directly or by extrapolation from absorption tables for pure 
elements (for example, JOnsson's tables). 

In rigorous calculation of the absorption in the material of the anode one 
must take into account the absorption in the entire emitting volume of the focal 
spot, wherein for each point there will be a specific thickness Az of the absorb- 
ing layer. Hence to obtain the total absorption one must integrate over the entire 
emitting volume, taking into account the variation in electron energy loss with 
depth and in the case of a microfocus tube with the distance from the center of 
the beam. It is virtually impossible to carry out such a calculation, particular- 
ly taking into account the variation in the material of the specimen-anode. 


SF 40 60 80 6,% Scan ties ca 0 Ah 1 AL CIGEE, 
Fig.l Fig.2 Fig.3 
Fig.1. Calibration curves: I¢/Ie versus concentration C. (Ig = line intensity in 
alloy; I, = intensity for the pure element.) Experimental points: 1) Mo Kd) line, 
Mo-Be system; 2) Au Lo, line, Au-Cu system; 3) Ni Kd) line, Ni-Fe system; 4) Fe 
KO] line, Ni-Fe system. 

Fig.2. Calibration curves for the Ni-Zn system: 1) Ni Koy, 2) Zn KO. 

Fig.3. Calibration curves for the Fe-W system: 1) W Loy, 2) Fe KQj. 


Hence we used a different approach: we introduced an "effective’ thickness 
of the absorbing layer x =d,;, chosen so that the function e¢ ’“ef would give the 
total attenuation of the analytic line in the working volume of the specimen-anode. 
As a working hypothesis, we assumed that the effective thickness is inversely pro- 
portional to the density of the absorber: dds wonste | Pes This assumption is upheld 
by the fact that d. is related with the total thickness of the emitting layer of 
the anode, which, according to Widdington's law, for a given accelerating potential 
is determined by the density of the material. Then dipi = d,p, OF for the case in 
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nr 


oa 
question 7 pe EN where 9, is given by the formula /, = (> ) _ which yields 
Po i=] 1 
good agreement with the experimental data listed in physics handbooks. . 
On the basis of the above assumptions one can write the following expression 


for the correction function: 


Cine C 
IND Fe 
—| (p»yniCnittrel (Sigil 
(4NiCNiTHFe Fe) \ Gay OFe 


(2) 


) exit evi | 


fi (pv) =e = (0.34; 


whence using the tabular data we can find the argument of the exponential function 


and obtain dy; = 3°1074 cm. 
Calculations of Bx;=/,/Iyx; for other alloys in the Ni-Fe system by means of 


the formula 


i. / Lyi = Cre ete —YNitN}) (3) 


using dyj = 3°1074 cm yielded good agreement with experiment. The lowest curve 
in Fig.1 was calculated by means of Eq. (3). 

The parameter dy; = 3°10-4 cm for the function f; (1) was determined experi- 
mentally for the given accelerating potential and fixed angles of incidence of 
the electrons and emergence of the radiation. This parameter takes into account 
the interaction of electrons of energy /, with the matter of the anode, character- 
ized by the density 0. Hence the relation d,p, = dip; is valid for any elements and 
alloys under the same analytic conditions; consequently, one can dispense with the 
necessity of determining d; experimentally with reference to some standard alloy, 
and the correction function for any system of elements can be calculated by using 
the appropriate tabular data and the parameter dy) = dyi = 3°10-4 cm in the same way 
as was done above for the Ni-Fe system. The validity of this procedure for calcu- 
lating the absorption is illustrated in Figs.1, 2 and 3, which give the calculated 
I./ITe=Cifi (u, 0) curves and the experimental points for Ni Ka] (Ni-Fe system), Zn 
Kd, (Zn-Ni system) and W LQ] (W-Fe system). 


Correction for fluorescence 


For evaluating the correction for fluorescent excitation of the atoms of the 
analytic element by the radiation from another element we again turn to the Fe-Ni 
system in which there is known to be selective excitation of the Fe atoms by the 
K series radiation of Ni, inasmuch as the Ni lines are located on the short wave- 
length side of the K absorption edge of Fe. 

Using a standard 83% Fe + 17% Ni alloy, we determined B,;, =—/,/J/Jp. and obtain- 
ed 0.87. The 4% difference obtained for the iron concentration can be attributed 
wholly to the effect of excitation of fluorescence: fe (41) = ACy, = 4%. Obviously, 
the fluorescence contribution for this alloy depends on the number of excited Fe 
atoms and the number of exciting Ni atoms, i.e., 


56) = Briere @redniy (4) 


where dy, and ay; are the atomic concentrations of Fe and Ni, respectively, and 
Bui-re is the fluorescence coefficient, which should be constant for the given sys- 
tem. Calculation by means of Eq.(4) for the given alloy gives Byi_re = 2.7-1073, 

The validity of Eq.(4) on the assumption that 6 =: const for the given system 
can be checked with reference to the data for other alloys in this System. As 


at be evident from Fig.1, the experimental points fit the calculated curve for 
e. 
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Let us see what parameters ma 
y affect the coefficient which character- 
, izes the probability for emission of a Fe KQ] photon under Be ton by the K 
series radiation of Ni. The coefficient will depend on 1) the number of Ni pho- 


tons absorbed by the iron atoms, which is characterized by the mass absorption co- 


F 
efficient TNIK,? 2) the intensity of the Ni radiation and 3) the fluorescence yield 


of iron W;y,. The values of tf. and W.. ha 
iK : ve been tabulated. I 
intensity of the exciting radiat a Fi bE 1BLPISO Tee 


iation we assume that the main contribution is from 


the characteristic Spectrum, so that we can use tabular data for the relative line 
intensities. 


Hence one can calculate the fluorescence coefficient for any system of ele- 
ments A—B, using Byi-re=®, = 2.7-10-3 as the only empirical parameter: 


Bang head’ sb 


By See ae (5) 


eB ba Niche ae i 


The absolute increment in the intensity of the analytic line of element 
owing to fluorescence (in atomic percent) is given by 


oR) = Ba-pdadag. (6) 


Calculations, using Eqs.(5) and (6), of ///, for a number of different alloy 
systems with selective excitation of one of the components yielded good agreement 
with experiment. By way of illustration in Figs.2 and 3 we reproduce the calcu- 
lated curves for the Ni-Zn and Fe-W systems in which there is observed strong 
selective absorption (Zn KO and W 1d, radiation) and selective excitation (Ni Kd] 
and Fe KQ}). 

In all we investigated 28 alloys in eleven different two-component systems 
and obtained 47 experimental points. Of these, 39 points (about 85%) fall on the 
calculated calibration curves (deviation < 5%). 


Conclusicns 


Proceeding from general physical laws governing the interaction of electrons 
and characteristic x-radiation with matter, we have deduced formulas for allowing 
for the variation of the analytic line intensity with the anode material. Using 
tabular data and the empirical parameters d) (effective thickness of the absorbing 
layer) and 8, (fluorescence coefficient) one can plot calibration curves (relative 
line intensity vs concentration) for any element in any two-component system. 

The laws of additivity for wu, and p,, used in deriving our formulas, should 
make it possible to extend the deductions to multiple-component systems and deduce 
correction equations for such systems. 

"A.A.Baikov" Institute of Metallurgy, 
Academy of Sciences of the USSR 
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VACUUM X-RAY SPECTROMETER WITH IONIZATION RECORDING 
- V.A.Batyrev and V.G. Bogdanov 


Investigators of x-ray fine structure have already devoted a great deal of 
effort to developing spectrometers with jonization recording. One of the main 
components of such spectrometers is the kinematic system: the mechanical link- 
ages by means of which the various components of the spectrometer are adjusted 
and aligned. Investigation of x-ray fine structure requires an alignment mechan- 
ism which permits accurate measurement of the reflection angle to within a few 
secends of arc. It is difficult to attain the requisite accuracy with the com- 
mon type bent crystal spectrometer ,1 because one must keep track of both the 
angle of the crystal and the displacement of the counter along the Rowland cir- 
cle. The accuracy can be enhanced by holding the position of the crystal fixed, 
while measuring the angle of reflection from the crystal relative to the posi- 
tion of the counter on the Rowland circle. With this arrangement a change of 
angle always requires resetting all parts of the alignment mechanism to the spe- 
cified angle of incidence of the x-rays onto the crystal. Consequently, a simple 
alignment mechanism cannot be used when it is desired to cover a wide range of 
angles. 

To avoid these inadequacies we designed an instrument with a kinematic scheme 
based on the principle of linear displacement.2,3 The main features of this mech- 
anism were proposed by I.B.Borovskii in 1953. The instrument was designed and 
built in the Metallurgical Institute of the Academy of Sciences of the USSR. 

The principal features of the mechanism are shown in Fig.1. The crystal 
and the counter slit are mounted on carriages which are moved in eppoesite direc- 
tions along the line AA' by right and left-hand threaded screws. The crystal 
holder is firmly fastened to a stage which rotates about an axis passing through 
the center of the crystal. The stage in turn is rigidly attached to the arm OK, 
which is normal to the line tangent to the center of the crystal. The arm OK, 
which is the radius of the Rowland circle, terminates with the ball bearing B 
(Fig.2). Thus, the axis of the ball bearing passes through the center of the 
Rowland circle. The arm OK is held firmly against the bar EF by a coil spring. 
Thus the counter slit and the crystal are displaced along a chord of the Rowland 
circle, always remaining on the circumference thereof. In turning, the arm OK 
Ss caper crystal. The apparatus was designed te work in an angular range from 

The chief advantage of this arrangement is that the counter is always locat- 
ed on the line AA' and, consequently, with the crystal stationary, the counter 
always recerds the intensity of the same wave length. Hence, the accuracy of 
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measurement depends only on the precision with which the angle of rotation of the 
,crystal is determined relative to the line AA', This rotation is measured in 
terms of the displacement of the crystal along the chord. In our case linear 
dispersion is a constant of the apparatus. The linear dispersion is given by 


Ax 4d 


_ n 


where 7, is the lattice constant of the crystal, nis the order of reflection 
and R is the radius of curvature of the crystal (| is measured along the chord of 
the Rowland circle). In investigating fine structure, the crystal displacement 
is determined by means of the micrometric indicator I. 

The x-ray tube and the part of the instrument mechanism that moves the crys- 
tal are housed in a rectangular vacuum chamber. The chamber has a cylindrical 
sleeve to accomodate the rod E and the arm OK. A Sylphon bellows connects the 
vacuum chamber with the counter slit. The range of reflection angles from 20° 
to 70° is covered by using assemblies of three and of five sylphons. The vacuum 
chamber and the x-ray tube are evacuated simultaneously. 

With the above arrangement, the pesition of the focal spot relative to the 
line AA' is impertant. As will be evident from Fig.1, the focal spot must be 
located in a certain region within the Rowland circle. This region extends about 
10 mm in the direction parallel to AA'. Thus if a 10 mm wide x-ray focus is lo- 
cated at this point, the Bragg condition for the angle of incidence of the x-rays 
ento the crystal will be fulfilled over the working range of angles. However, 
given the usual limited working surface of a crystal, use of such a broad focal 
spot would lead to a significant decrease in intensity, because in such cases 
only part of the focal spot is effectively reflected. 

In order to avoid this intensity loss, our apparatus is designed so that 
the focal spot can be shifted parallel to AA'. To this end, the anode and cath- 
ode of the x-ray tube are arranged so that their mutually perpendicular axes are 
lecated in the plane of the Rowland circle (Fig.3). The electron beam from the 
cathode is parallel to AA'. Adjustment of the focusing cap FC sets the desired 
width of focal spot on the anode. The anode of the x-ray tube can be displaced 
along its own axis.by means of an externally controlled nut without disturbing 
the vacuum. Moving the anode changes the position of the focal spot (1 and 2 in 
Fig.3). By virtue of the fact that in our design the anode is grounded, the focal 
spot can be adjusted during operation. The tube has a 70 mm wide window, which 
insures unobstructed exit for the x-rays in the full range of working angles. 

The instrument employs a monitor, which permits using an unregulated power 
supply. The monitor counter is mounted on the wall of the rectangular vacuun 
chamber. For normal operation, radiation of the same wave length must enter both 
the main counter and the monitor counter. Therefore a second crystal holder with 
a plane crystal (Fig.4) is set on the stage of the main crystal, in order to re- 
flect the radiation to the monitor counter. This second crystal has the same lat- 
tice constant as the main one. The monitor crystal is displaced somewhat rela- 
tive to the axis of the main crystal, so to satisfy the Bragg condition it is ro- 
tated the appropriate small angle relative to the arm OK. Since accuracy of the 
order of 1° is adequate for the monitor crystal arrangement, the position of the 
moniter counter can be held fixed over all angles in the operating range. 

A photograph of the spectrometer is reproduced in Fig.5. 

The described spectrometer has the following advantages over ether extant 
instruments: 1) it provides for more accurate wavelength measurements; 2) it is 
characterized by simplicity of adjustment, which consists of determining the 
radius of curvature of the crystal and setting the appropriate length of the arm 
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Fig.3 Fig.4 Fig.5 


OK; 3) it can be operated with an unregulated power supply; 4) its overall dimen- 
sions are minimal. 

We desire to express our gratitude to I.B.Borovskii for his valuable advice 
and help in the accomplishment of the work. 
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CONSTANT VACUUM X-RAY TUBE FOR A LONG WAVELENGTH X-RAY SPECTROMETER 
- K.I.Narbutt, E.M.Fridman & G.M. Nikolaenko 


. few years ago we developed a powerful sealed x-ray tube for spectrum ana- 
lysis-; 


; this tube is now being manufactured under the following designations: 
SBKhV-1, SBKhV-2Cu, S5BKhV-2Mo or 5BKhV-2Cr (depending on the target material). 
These tubes were successfully used in a short wavelength x-ray spectrometers, 
for fluorescence analysis2, and in measuring absorption spectra. Introduction 
of these tubes greatly simplified short wave x-ray spectrometers as compared with 
previous designs, which used demountable x-ray tubes, and, what is particularly 
important, made x-ray spectrometers far more reliable in operation. 

However, it was still necessary to use demountable x-ray tubes for investi- 
gating long wavelength x-ray spectra, including the spectra of many elements com- 
monly determined by x-ray spectroscopic analysis: the rare earths, scandium, ti- 
tanium, vanadium and others. Moreover, the vacuum part of the demountable tube 
is usually connected to the evacuated part of the spectrometer. Pumping such a 
System gives rise to certain difficulties in the course of spectrum analysis. 
Yet, in the study of the absorption of 3.5 A x-rays a vacuum of the order of 1072 
mm Hg is sufficient in the body of the spectrometer (i.e., a forevacuum) , while 
high vacuum is necessary only in the x-ray tube. This situation has attracted 
attention for some time, and many researchers have realized a so-called "divided 
vacuum’ even in the Johann mount spectrograph, unsuitable though it is for this 
purpose, and thereby considerably increased the efficiency of the instrument. 
However, this type of long wavelength spectrometer still requires a high vacuum 
pump, and the problem of maintaining high vacuum in the x-ray tube still persists 
Hence we felt it would be desirable to obviate the high vacuum problem by using 
a special constant vacuum x-ray tube. Such a tube is described in the present 

t. 
rit ohn designing the tube we tried to meet the following basic requirements: 

a) the x-ray tube design must provide for a vacuum-tight seal where the gle 
envelope enters the evacuated housing of the icp tihlar se x-ray spectrometer; 

indow must efficiently pass so x-rays; 

3 SisechikeStihe is to be used ina reputed ne) eset cat of the tube must 

t dimensions possible for the rate ube power; 
es. aibiietaichttas parameters of the tube should be 50 kv with a current oat 
to 100 ma. A section diagram of the long wavelength spectrometer x-ray wee te 
shown in Fig.l. A steel flange 2 is screwed onto the heavy pberiape aces 
This flange plus the rubber gasket 3 provide a vacuum-tight Sees aS oeyaeae 
the x-ray tube and the evacuated housing 4 of the spectrometer, w or ae neve 
part of the tube is introduced into the spectrometer. There tie aa Se 
in the base of the tube for attaching the cee es cnc Be ° e g 
to the base by means o e ° Me 
amarissengh eens of the anode and tube base is assured Oy ee Fibdcameeed 
through channels drilled and ee fee the Weed nectane oebe e howaacete ay 
he nipples screwe : : 
ppredhucsiagtasead week. real window is formed by the beryllium disk 9, the 
in the central area. The anode 10, 
thickness of which does not exceed 0.3 mm s eheaderoreh eaten tees 
which is soldered into the base, can be prepared w SHAS ors 
chromium. The cathode 11 is a cylinder w 
CE Bat oa ent i h iral filament. The cylinder by means of a 
focusing cap 12, which encloses the Sp tem 13. To protect the anode 
i ted on the cross-shaped glass ste 
Rta UL Siete igr thode, the spiral cathode is made of thori 
from tungsten pot nem a. eataeihabshieiaingels provided by the lead jacket 14 
ated tungsten car e. : 
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Fig.2. General view of 
the x-ray tube with 
the shielding removed. 


Fig.3. The x-ray tube in its 
shielding as mounted in the spec- 
trometer: 1) flange of the BKhV5 
x-ray tube, 2) oil-filled shield, 
3) high voltage cable connector. 


attached to the base by means of 

the brass sleeve 15. The cathode 
neck is mounted on a carbolite base 
with brass pins. . 

A general view of the tube is 
shown in Fig.2. Fig.3 shows the 
new x-ray tube, designated BKhV5, 
in its shielding and ready for oper- 
ation. High voltage is supplied by 
a high-voltage cable connected 
through the oil-filled shield. The 
anode section and the tube base are 
grounded. Testing of sample tubes 
has shown that this tube has a 6 x 
6 mm focal spot and is reliable un- 
der prolonged operation at a power 
of 5 kva and anode voltage of up to 
50 kv. 

Tests have shown that the new 
x-ray tube permits efficient exci- 
tation of the L-series fluorescence 
spectra of the rare earths. Compara- 
tive measurements of the efficiency 
of excitation of the L series x-ray 
spectrum of lanthanum (the II La 
LQ, line) were made using the DRUS-3 
long wavelength x-ray spectrometer, 
produced by the Rostov University 
instrument shop, and a new spectro- 
meter designed by one of us and 
equipped with our new tube. These 
tests showed that the new long wave- 
length x-ray tube has at least trip- 
led the efficiency for excitation 
of the L emission spec- 
trum of lanthanum. 
Hence, its use can 
greatly enhance the 
sensitivity of x-ray 
analysis for the rare 
earths. 
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REFLECTION OF HARD X-RADIATION BY BENT CRYSTALS 
- S.A. Ditsman 


Bent crystals are commonly employed in x-ray spectrographs and similar in- 
struments for the purpose of increasing the transmission. This, however, leads 
to distortion of the spectrum (diffraction and geometric distortions) , which is 
particularly undesirable in investigating fine structure of x-ray spectra. Meth- 
ods of allowing for instrumental distortion have been extensively studied in re- 
cent years. 

In the present report we consider some of the distinctive features of reflec- 
tion of hard x-radiation by a bent crystal, features which are connected with the 
depth of penetration of the radiation into the crystal and which lead to distor- 
tion of the spectrum shape. We first consider the distortion in the case of a 
Kapitsa-Johann mounting with a microfocus source, and then extend the inferences 
to the case of a wide focus source. We also consider some of the features of 
focusing of the radiation by the method of DuMond, used in inverted form (Cau- 
chois' method) for investigating hard x-radiation. 


Kapitsa-Johann Mounting 


In an earlier contribution” we investigated reflection on x-radiation by a 
crystal bent by the method of Kapitsa-Johann for the case of a microfocus source 
located on the Rowland circle. This investigation was carried out for an infinite- 
ly thin crystal, which corresponds to reflection of long wavelength x-radiation 
essentially from the surface of the crystal, i.e., neglecting penetration of the 
radiation into the depth of the crystal. The results of experimental investigation 
of reflection of ~2 A radiation proved to be in good agreement with the deductions 
from the geometric theory of reflection of radiation from bent crystals. 

Now let us consider the distinctive features of reflection of hard x-radiation 
from a bent crystal when the crystal cannot be considered infinitely thin. In this 
case one must take into account the conditions of reflection in the volume of the 
crystal. For simplicity we shall consider the source to be a point source and the 
radiation to be monochromatic. The general character of the inferences regarding 
the conditions of reflection will not be changed in going to nonmonochromatic radi- 
ation and a source of finite size. 

We assume that the basic condition for reflection is fulfilled for the cen- 
tral point of the crystal (the radiation is incident at the Bragg angle 0). Then 
the glancing angle 0. of the beam at an arbitrary point L on the surface of the 
crystal will be given by the equality! 

h2 
sind’ (1) 


: 12 
sin 0, = sin 0 + spy ctg bcos b 


where fh, | are the coordinates of the point L, R is the radius of curvature of the 
crystal and as usual 1,1< hk. } 

Let us determine the glancing angle 0, at the point L' in the plane of the 
crystal located at a depth dR from the surface of the crystal. The change in the 


glancing angle of the beam PL' relative to the analogous angle for the beam PL (P 
is the location of the point source) can be found from general geometric considera- 


tions and is described by 
igi oe ctg >. (2) 


The glancing angle of the beam at an arbitrary point of the given internal 
plane will then be given by 
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Be Tan Le 
sind, =sin 3, + —,- etg t. (3) 


Invoking (1) and setting 0.=0 in (3), we obtain the locus of the points of 
equal glancing angles in the reflecting plane under consideration: 


h = (l2cos?} + 2R cos dR). 


Inasmuch as dA ranges 
from zero to a certain 
maximum value correspond- 
ing to the depth of pene- 
tration of the radiation 
into the crystal, we can 

: \\y | distinguish the surfaces 
in the crystal that re- 
: a3 .  £lect the hard radiation. 
‘ . — _ he appearance of these 
YA. : 5 | surfaces, their change for 
: ; | different positions of the 
= Lila oS Ca = crystal relative to the 
b| Ce c | ; microsource and the ap- 
’ . pearance of the reflection 
pattern are shown in Fig.1. 

Fig.1,a corresponds 
to the location of the 
crystal on the Rowland 
Fig.1. Patterns of reflection of hard radiation from circle, such that the 
a crystal deduced on the basis of the geometric theo- condition for reflection 
ry and obtained experimentally for Se KO radiation. of the radiation is ful- 

filled for the central 
point of the crystal; Figs.1,b and c corre- 
spond to displacement of the crystal to the 
short wavelength and long wavelength sides, 
respectively. 

To check these deductions we carried out 
an experimental investigation of the reflec- 
tion of Se Ka) ( = 1102.48 X) radiation from 
the (1340) planes of a quartz crystal bent to 
Fig.2. Diagram for investigating a radius of 500 mm. The diameter of the micro- 
reflection of monochromatic radia- source was about 10 up. The results of this 
tion in a microfocus spectrograph. investigation are also shown in Fig.l (photo- 


P - microfocus source. graphs) and show good agreement with the re- 
flection patterns predicted by the geometric 
theory. 


These characteristics of reflection of hard radiation must necessarily lead 
to distortion of the line shape in investigating x-ray spectra on a spectrograph 
with focusing of the radiation by the Kapitsa-Johann method. 

Let us consider the process of reflection of monochromatic radiation in a 
microfocus x-ray spectrograph (Fig.2). Position 1 of the crystal corresponds to 
the condition of reflection of the investigated radiation from a small section in 
the vicinity of the central point of the crystal. The radiation reflected from 
the crystal enters the detector located at point 1 on the Rowland circle. The 
intensity of this radiation is shown schematically in the figure. With the crys- 


~ 951 - 


tal in position 2 there will also be observed reflection 
of the radiation from deeper lying layers of the crystal, 
but with lower intensity. This radiation will be inci- 
dent at point 2 on the Rowland circle. With the crystal 
in position 3 there will be no effective reflection of 
the radiation. Thus monochromatic radiation, for which 
there should be only one position of the crystal rela- 
tive to the source and only one point on the Rowland 
circle for the detector, is actually reflected in an 
angular interval of crystal displacements, and the re- 
flected radiation forms an image of the line in a cer- 
tain region of the Rowland circle. This leads to the 

/ appearance of short wavelength asymmetry of the investi- 
gated line (broadening of the line to the short wavelength 

0 1 2 ax side). 

The results of investigation of the shape of the Se 
Fig.3. Se KO) line re- Kd, line under the above described experimental conditions 
corded on a microfocus in a microfocus x-ray spectrograph are shown in Fig.3. 
spectrograph: 1 - 2/ = It will be seen that the lines are asymmetrical and that 
= 1.5 mm, symmetry in- the extent of the asymmetry depends on the size of the 
dex 0.5: 2- 21 = 0.3 working surface of the crystal. The index of asymmetry 
mn, Symmetry index 0.35. is 0.5 for a working surface of length 1.5 mm, and 0.35 

for a working surface of length 0.3 mm (the height of 
the crystal in both cases was 4 mm). The small size of the surface of the crystal 
precluded aberration effects, which may also lead to asymmetry of the line to the 
short wavelength side. 

Analogous effects should be observed in the case of a wide-focus radiation 
source. The results of investigation of the Se and Ge KO] 2 lines (1.2 A) under 
the same experimental conditions but in a conventional wide focus spectrograph 
with photographic recording showed that the index of asymmetry of the Se Kory 2 
line is 0.7 with 21 = 2 mm and 0.5 with 2/ = 1 mm, while the index of asymmetry 
_ for the Ge KO) ,2 line is 0.6 with 2/ = 2 mm. The Cu KQ) 2 line proved to be sym- 
metrical with a working surface length of 0.5 mn. 

These results show that when a Kapitsa-Johann mounting is used for investi- 
gating the fine structure of x-ray spectra in the <1.5 A region, the structure 
may be distorted. The magnitude of the distortion will depend both on the wave- 
length of the radiation and on the size of the working surface of the crystal. 


— 


DuMond Mounting 


Let us consider some of the features of focusing of x-radiation by the DuMond 
method in the case of a microsource. 

In wide focus x-ray spectroscopy this method in reverse form is known as the 
method of Cauchois and is widely used for investigating hard radiation. 

On the basis of general geometric considerations, one can deduce the expres- 
sion for the glancing angle of a ray emerging from a microsource on the Rowland 
circle and incident at an arbitrary point on the surface of the crystal. The ex- 
pression, which is analogous to Eq.(1) for a Kapitsa-Johann mounting, is 


= " a e $ Ue he (4) 
sin 0, = sind Os. OR? ~=2R? cos? 0 i 


where @ is the glancing angle at the central point of the crystal. Again setting 
0, = 0, we find that reflection of monochromatic radiation will occur only from 
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the central point of the crystal. Cauchois showed that in the case of ideal cur- 
vature of the crystal to a cylindrical surface and purely elastic deformation of 
the crystal the conditions of reflection of the radiation obtaining for its sur- 
face should persist unchanged throughout its thickness. Actually, however, ex~ 
perimental studies of the reflection patterns have shown that the observed reflec 
tion patterns do not agree with those predicted by theory for a crystal with idea 
curvature. The appearance of the reflection pattern depends on the quality of th 
bending of the crystal in the crystal holder. In particular, a typical distortio 
in the case of a crystal bent in a four-knife-edge holder is twisting. This dis- 
tortion always occurs owing to the fact that in practice it is impossible to make 
all four knife-edges strictly parallel. The character of the distortion in the 
case of a crystal bent in a crystal holder with ground surfaces is even more com- 
ples, inasmuch as it depends on chance factors. 3 

In the DuMond mounting insignificant deformations of the crystal lead to co- 
ordinal change in the conditions of reflection as compared with the conditions fo 


ideally curved crystal. 
Fig.4 shows the pat- 


terns obtained for reflec- 
tion of Cu KO 9 radiation 
.% from the (1010) planes of 
Lf : a quartz crystal bent to a 
Fig.4. Reflection patterns of Cu KQ) 2 radiation for radius of 300 mn. The 
a DuMond mounting: a & b - crystal bent in a crystal photographs were made in 
holder with ground surfaces; c,d & e - in a crystal the spectrograph described 
holder with four knife-edges adjusted to produce dif- in Ref.4. Photographs 4, 
ferent degrees of torsion. a & b were recorded using 
a crystal holder with grou 
surfaces. Photographs 4,c,d & e were obtained with different degrees of torsion 
of the crystal in a special crystal holder with four knife-edges. Photograph 4,c 
was obtained for a crystal with a noticeable degree of torsion; photograph 4,d fo 
a crystal with almost unnoticeable torsion and photograph 4,e for a crystal ad- 
justed to the best possible degree. It will be seen that in no case was there ob 
tained a reflection pattern corresponding to that for an ideally bent crystal. 


Conclusions 


Investigation of the reflection of radiation in the <1.5 A range in the case 
of a Kapitsa-Johann mounting showed that the depth of penetration of the radiatio 
into the crystal has a substantial effect on the results of spectroscopic studies 
In particular, it leads to distortion of the line shape, consisting mainly of 
short wavelength asymmetry. 

Investigation of reflection of hard x-radiation in a DuMond mounting with a 
microfocus source showed that the conditions of reflection depend greatly on the 
quality of bending of the crystal. This greatly complicates determination of the 
influence of the depth of penetration of the radiation into the crystal on the 
line shape. One may also expect strong dependence of the conditions of reflectic 
on the quality of bending of the crystal in the case of focusing by the method of 
Johansson, which requires ideal grinding of the holder and curvature of the crys- 
tal precisely to a cylindrical surface. 

On the whole, the Kapitsa-Johann method of focusing is probably the least 
sensitive to small distortions in adjustment of the crystal. 


I desire to thank I.B.Borovskii for valuable suggestions and helpful dis- 
cussions. 
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REGARDING THE RESOLUTION OF JOHANN MOUNTING SINGLE-CRYSTAL SPECTROGRAPHS 
- N.D.Borisov & V.V.Nemoshkalenko 


The principal factors determining the possibilities of experimental investi- 
gation of the fine structure of x-ray spectra with a view to elucidating the elec 
tronic structure of metals and alloys are high resolution of the instrument and a 
reliable procedure for allowing for distortion of the line shape. Whereas a grea 
deal of attention has been given to the latter factor!-17, the importance of the 
former has frequently been glossed over. In fact there are cases when this fac- 
tor is entirely ignored despite the fact that in focusing spectrographs the ex- 
perimental line width is determined not only by the intrinsic width but by a nun- 
ber of other factors such as the geometric conditions of focusing, defects in the 
analyzer crystal, the depth of penetration of the radiation into the crystal, etc 


2. 
Line broadenings connected with geometric conditions include B, = J ctg@ » 
the line broadening connected with inaccuracy of focusing of the rays at the poin 
of observation, By = 7—ctg@, the broadening connected with vertical divergence 


of the beam, and B,;=actgq, line broadening due to oblique incidence of the beam 
on the photographic film, 

It can be shown that for a Johann type spectrograph with a focal circle of 
radius 7 = 250 mm, a working section of the crystal 0 = 14 mm, height of the crys 
tal 2/.= 6 mm and thickness of the emulsion layer Q@ = 0.0125 mm, the values of th 
above quantities for a Bragg angle 9 = 61.7° are &, = 0.00216 mm, 22 = 0.00485 mm 
and #£, = 0.00675 mm. For the purpose of reducing the broadening of the spectrum 
lines connected with vertical divergence of the beam and oblique incidence of the 
rays on the photographic film, in investigations concerned with the fine structur 
of x-ray bands the height of crystals is generally limited to 4-6 mm and the spec 
trum is recorded at large angles of incidence (up to 90°), 

Taking these factors into account leads to enhancement of the resolution of 
x-ray spectrographs. On the other hand, the recent tendency to increase the tran 
mission factor of spectrographs with bent crystals by increasing the size of the 
working area of the crystal leads to impairment of the resolution and hence is 
not acceptable from the standpoint of the needs of experimenters interested in 
investigation of fine structure. 

Below we give the calculated values of the resolution A/A\min of a Johann 
mount spectrograph as a function of the extent 0 of the working section of the 
crystal (in the calculations it was assumed that 7 = 250 mm, 22 = 0.00485, B, = 
= 0.00674 mm and @ = 61.7°): 


O ,mm 1,0 2,0 3,0 4,0 5,0 10,0... 20.0.2 so Useniore 
A\/M\min 79 018 76 385 72 364 67 397 61 933 36 960 14145 7633 4 297 


The importance of using small crystals for enhancing the resolution of instnx 
ments used in investigating fine structure has been demonstrated in Refs.19, 20, 
& 21. Taking account of this factor, i.e., using crystals with a small working 
area, does allow of enhancing the resolution of Johann type spectrographs. 

The resolution of single crystal spectrographs, which are now predominantly 
used in Soviet laboratories for investigating the fine structure of x-ray spectré 
does not exceed 5000 to 10 000, which, as follows from the data in the accompany- 
ing table, is greatly inferior to the resolution obtainable with two-crystal 
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bin Ge EE 
ine planes a ANG 
el crys— min Author 
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TiK,, | (4120) | 36 572 Parratt 
FeK,, | (1120) | 48 301 Brogren 
MoK, (1120) 24 407 Parratt 
1 (1120) 26 216 Brogren 

: (1120) 38 435 Brogren 
LES (2023) 153740 | Brogren 
(2240) 153 740 Brogren 


spectrometers. The tendency to increase the lumi- 
nosity of single crystal spectrometers leads to loss 
7 of detail of the fine structure and overoptimistic 
evaluation of the possibilities of allowing for dis- 
tortion of the line shape. 

Fig.1 shows the shape of the Ni K,, band obtain- 
ed under conditions of inadequate resolution of the 
instrument22; Fig.2 shows the shape of the same band 

Z1%Ni recorded by us under conditions of optimum linear 
eo dispersion. The presence of the two satellites on 
100% > = the short wavelength side of the Ni A,, band in the 
75.10.50 ~5 ~l0 ~16 ev  tirst case cannot be established even with the aid 
of the most refined techniques for allowing for dis- 
Fig.l tortion of the spectrum shape. 
To illustrate the significance 
of proper choice of the experimental 
conditions for investigation of the 
fine structure of the Cr K,, emission 
band on a single crystal Johann mount- 
ing spectrograph23 and determination 
of the resolution of the instrument 
we can cite the following initial data 
and results of calculations. 
On the basis of the fact that the 
Fig.2 resolution of spectrographs is propor- 
tional to tan ~, where ~ is the Bragg 
angle, we arrive at the choice of a quartz crystal with reflection from the (1340) 
‘planes as the analyzer. In this case the linear dispersion in the region of re- 
flection of the Cr K,, band (pm = 61.7°) is 2.23 X/mm or 6.61 ev/mm. 
In photometry of the experimental spectrograms it proved feasible to measure 
the width of the Cr K,, band with an accuracy of +0.01 mm, which corresponds to a 


resolution of the order of 93 000: 


hork 2066.53 
pate BSS 2 93,0008 
R= nos? 


Experimental selection of the size of the working section of the crystal was 
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carried out with reference to stand- 
ard spectrum lines of known widths. 
In view of mosaicity of the crystal, 
imperfections of the crystal lattice 
and the requirements of adjustment, 
as well as the necessity of providin: 
a reasonably short exposure time, tht 
size of the working section of the 
crystal was taken equal to 4 mm. Th 
radius of curvature of the crystal 
after adjustment proved to be 488.99 
mm. 


The resolution of the spectro- 
Fig.3 graph was determined by comparison 0: 
the widths of the Mo Ka,, and Mn Ka, 
lines with the data obtained on two- 
crystal spectrometers. We took into 
account the circumstance that the Mo 
K,, line recorded on a two-crystal 
spectrometer allows of determining 
the true line width w, by means of 
the formula24 Wp=Wp—W,, Where w, is 
the width of the line in the (1 + 1) 
position and w, is the line width in 
the (1 - 1) position. In the case o: 
———— the Mn K,, line, owing to its asym- 

Fig.4 metry, the determination of the true 
line width can only be made in the 
first approximation. For the same reason and in the same approximation by way of 
reference line one can also use the XK, linesof other elements of the iron group. 

In the given case in investigating the structure of the Cr K,, band we deemec 
it feasible to use as the reference lines both the Mo Ka,,,, line and the Mn Ka, 
line and to compare the results with each other. The data obtained are given be- 
low. 


1. Evaluation of the resolution with reference to the Mo Ka,,,, line. Fig.3 
shows the trace of the Mo Ka, line recorded on an MF-4 microdensitometer (magni- 
fication 20 to 1). The index of asymmetry of this line is 1.0; its width is 0.29 
X. According to the data of Brogren24, the true width of the Mo K, line is 0.24 
-X. Hence in this case the resolution of the instrument is 

ny 3x 707,831 

2. Calculation of the resolution with reference to the Mn K,, line. The mi-: 
crophotometric trace of this line recorded under the same conditions is shown in 
Fig.4. Here the index of asymmetry is 1.5, and the line width is 2.61 ev. Ac- 
cording to the data of Brogren24, the width of the Mn K,, is 2.46 ev. Hence in 
this case the resolution of the instrument is 


R, ny 209754 


ee Amin — ~ 0,053. = 39576. 


All the above observations apply equally to Cauchois type spectrographs. 
Accordingly, we recommend that all reports on investigations of the fine 


structure of x-ray spectra should include experimental data on the resolution of | 
the instrument employed. 


y. hash NS 
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EXPERIMENTAL INVESTIGATION AND CALCULATION OF THE L ABSORPTION SPECTRA 


OF NOBLE GASES 
- R,.L.Barinskii 


In earlier contributions! ,»2 the writer in collaboration with Nadzhakov de- 
veloped a method for calculating the K absorption spectra of atoms bound in com- 
pounds in different states of aggregation. Use of this method enabled us to de- 
termine the effective charge and radius of the bound atoms and thus arrive at a 
characterization of the chemical bonds involved. 

However, use of the K absorption spectra for investigating the type of chemi- 
cal bonds in molecules is feasible only for elements with Z < 30-35. Where the 
atoms of heavier elements are concerned there arise serious experimental diffi- 
culties connected with marked increase in the width of the K state and deteriora- 
tion of the dispersion in the corresponding (high energy) region of the spectrum. 
Hence for investigating the type of bonds in compounds consisting of relatively 
heavy atoms it is more expedient to use the L absorption spectra. Most conveni- 
ent of these are the Lyzz spectra inasmuch as the Lyyyz absorption discontinuity 
is greater and the width of the Lyyzy state is smaller than in the case of the Ly 
and Lyy spectra. Hence the Lyy; spectrum can be obtained more easily and is 
characterized by a more distinct fine structure. 

In contrast to the K spectra, the Lyyy absorption spectra of atoms appear 
incident to transition of electrons from an initial p symmetry orbit; hence the 
symmetry of the final states will be s and d. The method proposed in Refs.1 & 

2 can be applied to calculation of the Lyzy absorption spectra of atoms of non- 
transition elements in molecules of gases and crystalline complexes. In the hy- 
drogen-like approximation (exciton absorption mechanism) all the formulas used 
for calculation of the K spectra2 retain their validity except the expression 
for the ratio of the intensities of the first absorption line and the continuous 
absorption. In the case of Lyyy spectra this formula must be replaced by formu- 
las for the probability of transition of an Lyyzyz electron to s/ and d orbits. The 
derivation of these formulas is analogous to the derivation of the K spectrum 
formula in Ref.1. The derivation is based on the use of hydrogen-like functions: 
2p functions for the initial state and nd and zs functions for the final state. 
The final expressions are of the form 


Tr An? (2 —1) (0 — 4) 

ae (ahpwtee en] aa ard (1) 
Tr ae al 
Pane Lean (2) 


where be and t§ are the absorption coefficients associated with transition of an 
LIII electron to orbits of nd and ns symmetry, respectively, t¢ and rt: are the 
coefficients of absorption associated with transition to the continuum, 7 is the 
effective charge of the absorbing atom, [ is the width of the absorption lines 
and true edge and n, and n, are the effective principal quantum numbers for the 
d and s orbits. 

It will be evident from Eq.(1) that the value of the effective quantum num- 
ber nz cannot be smaller than 2. It follows that for the same values of y and 
fas in the K spectrum, the ratio of the height of the first absorption line to 
the height of the true edge and the extent of the Rydberg series in the Lyyzyz 
spectrum will be smaller than in the K spectrum. This means that the structure 
of the Lizz absorption spectrum will be less clearly defined than the structure 
of the K spectrun. 

Equations (1) and (2) do not allow of determining the ratio of the transi- 
tion probabilities for an Lyyz electron to the d@ and s states. Inasmuch as in 
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the Lyyz absorption spectrum there are present states of both types of symmetry, 


“knowledge of this ratio is in general necessary for calculating the Lyyzy absorp- 
tion curve. The magnitude of the ratio t4/7? can be calculated by means of hydro- 


gen-like functions following the procedure described in Ref.1. There is obtained 
the equation 


oe ny 
=~ 80(7) (3) 
where Z is the atomic number of the absorbing atom. It will be evident from Eq. 
(3) that the probability for transition to d orbits is higher than the probabili- 
ty for transition to s orbits. With increase of Z this difference decreases; 
however, the degree of Z here is apparently too great, as is usually the case in 
calculations employing hydrogen-like functions. In any case, for not excessively 
large Z,absorption with transition to a d state is characterized by an appreciab- 
ly higher probability, i.e., the Lizz absorption spectrum reflects mainly the 
structure of the d levels. 

In order to check the applicability of the above-mentioned method of calcu- 
lating the Lyyz absorption spectra it is most expedient to use the Lyyzz spectra 
of the noble gases. The absorption spectra of argon, krypton and xenon have been 
investigated by Prins’ and Brogen?. Prins' results, however, were obtained on an 
instrument with inadequate resolution, employing a recording method of question- 
able accuracy. Hence, we investigated the Lyz; absorption spectra of krypton and 
xenon anew. 

The spectra were recorded photo- 
graphically on a Johann type spectro- 
graph with a quartz crystal bent to 
a radius of 500 mm. The potential 
on the x-ray tube did not exceed 
twice the excitation potential of 
the respective gases. The current 
through the tube was 50 ma. Both 
the anode and the tube filament were 
of tungsten. The gases were admit- 
ted to the spectrograph tank at a 
pressure of 2 mm Hg in the case of 
krypton and 4 mm Hg in the case of 
xenon. The x-ray tube window was 
isolated from the spectrograph tank 
by a beryllium foil 70 uw thick or a 
"lJavsan" film 5 p thick. The spec- 
tra were recorded on positive motion 
——_— 

Fig.1. Lyyz absorption spectrum of 
argon. Heavy solid lines - experi- 
mental curve; light solid line - re- 
sult of subtraction of the s series 
from the experimental curve; the 
light lines also indicate the true 
edge and the absorption lines; dash- 
ed lines - sum of the s series; the 
circle points give the results of 
synthesis of the d series; the ver- 
tical lines indicate the locations 
of the lines and true edge. 
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picture film in the first order for krypton and in the third order for xenon. 
The exposure time varied from 3 to 6 hours. 

The spectrograms were scanned (visually) on an MF-4 microphotometer with 
subsequent averaging of the results of individual series of measurements. The 
error in evaluating densities did not exceed 2% relative to the height of the 
spectrum. The dispersion in recording the krypton spectrum was 8.59 X/mm (1.96 
ev/mm) , and in recording the xenon spectrum 2.24 X/mm (4.12 ev/mm). 

The LyyIT absorption spectrum of argon taken from the work of Prins? is re- 
produced in Fig.l. The horizontal scale is laid off in electron volts; the ordi- 
nates are proportional to the absorption coefficient. The results of our investi: 
gation of the Lyyy7 absorption spectra of krypton and xenon are given in the upper 
halves of Figs.2 & 3 (solid heavy lines). 

The Lyzz absorption spectra of all three noble gases were calculated in the 
same way; hence here we shall only describe the calculations for argon. The firs 
absorption line in this spectrum corresponds to the Lyzyy— 45 transition, inasmuch 
as in the process of Lyyy absorption the argon atom may be assimilated to the 
calcium atom in which the lowest lying level is the 4s level. The value of the 
effective quantum number for the ns state of calcium is known from the optical 
spectrum: 7, = 1.77. Knowing the values of Ij and % from the x-ray spectrum 
(Fig.1) and assuming 1 = 1, one can find t,, for the ns series of argon by means 
of Eq.(2). Then one can calculate and plot the entire absorption line series 
and the true edge using the Rydberg formula for the location (wavelength) of the 
successive lines, the dispersion formula for their states and the arc tangent 
formula for the shape of the true edge (see Ref.2). The ratio of the heights of 
the successive lines is found by means of (2). The results of such calculations 
and plotting are shown in the lower half of Fig.1. 

Then, if from the experimental Lyyyz absorption curve for argon one subtracts 
the sum of the ns line series and true edge (dashed line in the upper half of 
Fig.1), there is obtained a remainder (light solid line in upper half of Fig.1) 
which is due to transition of Lizz electrons to dorbits. It is found that the 
absorption coefficient ratio ti/t, +17, which agrees in order of magnitude with 
the results of theoretical calculations (Eq. (3)). 

The main part of the absorption curve associated with transition of Lyyy 
electrons to nd atomic orbits can be calculated if we know 1%, from the x-ray spec: 
trum, nq = 2.85 from the optical spectrum of calcium and set [,,, =T,, and y = 1. 
Then by means of Eq.(1) one can find +t? and then synthesize the entire "d curve" 
using the same formulas as for plotting the ''s curve". The ratio of the height 
of successive absorption lines is now given by Eq.(1). The results of such syn- 
aria are mee in the upper half of Fig.1 by the circle points. 

s noted above, we used the same procedure for calculatin _ 
tion spectra of krypton and xenon. Where Lij~t absorption is pln ect 
of krypton and xenon may be assimilated to rubidium and cesium atoms, respective-: 
ly; accordingly, the requisite data were taken 
from the optical spectra of Rb and Cs. These da- 
ta are listed in the accompanying table together 
with the results of calculations of the Lyyy spec- 
tra (also see Figs.2 & 3). 

The character of the fine structure of the 
Lijj absorption spectra of the investigated noble 
gases substantiate the general regularities follow 
ing from Eqs.(1) and (3). The fine structure is 
less clearly pronounced in the Lyyzz spectra than 
in the K spectra, which is particularly clearly 
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Fig.2. Lint absorption spectrum of krypton. 


Designations same as in Fig.l. 
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evident from comparison of the re- 
spective spectra of argon repro- 
duced in Fig.1 of the present arti- 
cle and in Ref.1. Moreover, the 
ratio +14/t’, in the Lyyz spectra of 
the noble gases decreases from ~17 
for argon to ~9 for krypton and to 
~S for xenon, i.e., is inversely 
proportional to Z. However, the 
ratio t4/tS calculated by means of 
Eq. (1) does not agree with the ex- 
perimental data for krypton and 
xenon. In order to obtain agree- 
ment with experiment one must in- 
crease this ratio by a factor of 2 
for krypton and 3 for xenon. This 
means that the right-hand part of 

(1) must be multiplied by Z/k, where 
k % 20; this was done in calculat- 
ing the spectra of krypton and 
xenon. In order to justify and ex- 
plain this, further refinement of 
the theory is necessary. 

The widths of the absorption lines 
in the Lyy;z; spectra of krypton and xenon 
(without taking into account apparatus 
distortion) are 1.2 and 2.6 ev, re- 
spectively. The widths of the Lyy7 
levels of krypton and xenon, according 
to the data of Parratt®, are 1.1 and 
2.8 ev (the last figure was obtained 
by interpolation). If Parratt's value 
for krypton is correct, the apparatus 
broadening in the 7 A region in our 
case is 10%. However, the smaller ex- 
perimental value for the width of the 
xenon line (as compared to Parratt's 
figure) indicates that Parratt's data 


Fig.3. Lyzz absorption spectrum of xenon. are overestimates. 


Designations same as in Fig.1. 


Application to the Ly 


spectra of the transition elements 


The above results of investigation and calculation of the fine structure of 
the Lyyy absorption spectra of the noble gases can be utilized for explaining 
the specific features observed in the Lyyy absorption spectra of transition atoms 


bound in chemical compounds. 


The presence in these absorption spectra of bright 


lines or bands (as are evident, for example, in the Lrty spectrum of osmium in 


Os(NH3) gBr3 reproduced in 


Fig.4) is commonly explained by asserting that the Lyyy 


electron undergoes a transition to a narrow d level with a high density of states 
(see, for example, Blokhin’). This explanation, however, is incorrect, as will 


be evident from the following argument. 


Let us write the x-ray 


where N(E)is the density of 
P(E) is the probability for 
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absorption coefficient for the Lyzz shell in the form 


t(E) ~ N(E) P(E), (4) 


unoccupied d states as a function of the energy, 
transition of a knocked out Ly11 electron to a d atom- 


ic orbit, and FE is the energy of the d state. Then the presence of the energy 
spectrum of a narrow atomic level with a high density of states means that the 


function N(F) has a sharp ma 


10 ev > 
HI 


eeriottl 
Fig.4. Lyyy absorption spec- 


ximum with a relatively narrow width. It is, of 
course, assumed that the probability P(£) is 
characterized by a more or less uniform distri- 
bution over the entire energy range in question. 
Yet it is known from experimental data (see, for 
example, Fig.4) that the width of the first ab- 
sorption line in the Lyyyz spectra of the transi- 
tion elements as a rule is not less than 3 ev 
(greater, for example, than in the Lyyzz spectra 
of the noble gases), i.e., the energy interval 
occupied by the d states of the atom is appreci- 
able. The number of unoccupied d states is either 
the same for all the successive absorption lines 
and the continuous spectrum or is less for the 
first line owing to gradual filling of the first 


trum of osmium in Os(NH3)6Br3. d orbit in the series of transition elements. 


For qualitative evaluation of the intensity of 


the absorption lines we compare the absorption coefficient within the limits of 
the line with the absorption coefficient in the region of the continuous spectrun. 


CsT Ball Lal 


Fig.5. Diagram illustrat- 
ing the relative strength 
of the binding of differ- 
ent electrons for Cs I, 
Ba II and La III. 


al analysis on the transitio 


On the other hand, in deriving the expression for 
the line and continuous spectrum absorption coeffici- 
ents (see Ref.1) the number of states is taken into 
account by summing the probabilities for transitions 
to all the nd and ed states. If part of the d states 
for the first d orbit of the transition element is 
occupied by its own electrons, the absorption coeffi- 
cient within the range of the first line will be 
smaller than follows from Eq.(1), and the ratio of 
the coefficients of the line and continuous absorp- 
tion will be smaller than for the Lyyz spectra of non- 
transition elements. This inference is in obvious 
conflict with experiment. 

Thus neither small width of the d level in transi 
tion elements nor a large number of d states can ex- 
plain the presence of bright absorption bands in the 
Lyyy spectra of the transition elements. The reason 
for this effect must be sought in the strong (quad- 
ratic) dependence of the absorption coefficient for 
the Lyyy—nd transition on the effective charge of 
the atom within the given nd orbit, i.e., in the fin- 
n probability P(E). 


Let us consider from this standpoint the osmium atom (configuration outside 


the filled shells 5d%Gs? and 


use Slater's method for rough evaluation of its 


charge. We write the effective charge in the region of the 5d orbit of osmium, 
acting on an electron knocked out of the Lirzr shell, in the form 


~~ 
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where 1, is the effective charge due to redistribution of the valence electrons 
of osmium as a result of formation of the chemical bond (the sign of 1, may be 
either plus or minus), and o is the excess charge in the region of the 5d orbit 
containing only six 5d electrons. The only positive charge arises, as usual 
owing to the presence of a hole in the Litt shell of osmium. In the we ereeieatcd 
N.qg= 0 and o= 8 - (6 x 0.35) = 5.9. Then n.,= 6.9, as a result of which the in- 
tensity of the absorption line associated with the LyjI— od transition increases 
(as compared with the intensity of the line associated with the Liji— 6d transi- 
tion) by a factor of approximately 50. 

This rough evaluation can be checked by more accurate calculations, since 
the Lyyy absorption spectrum of osmium in a chemical complex was calculated in 
the work of Ref.6. The precise value of Njq (@rrived at using Eq.(1)) proves to 
be 1.5, and the ratio Texp/Ttheo = 3. The deviation of this ratio from unity is 
indicative of the effect of screening in the 5d shell of osmium (the method of 
calculating this ratio is given in Ref.6). Taking into account the fact that the 


number of unoccupied states in the 5/7 shell of osmium Nsa= 4 (instead of 10), 
we have 


Texp _ "ea Nea — (Meat oF Noa 

Ttheo By 10 4 10° _ (6) 
Whence we find o = 4.3, i.e., is of the same order of magnitude as the value ob- 
tained by Slater's method. The somewhat smaller value of co calculated from the 
x-ray spectrum is obviously explained by the fact that Slater's method does not 
take into account the effect of screening by the outer electrons. 

The noted strong increase of the absorption coefficient for the Lyzy— ”d 
transition in the transition elements is accompanied by a sharp decrease in the 
energy of this transition. Fig.5 illustrates the process of gradual binding of 
the 5d orbit in the isoelectronic series Cs I, Ba II and La III, according to 
the data derived from optical spectra.8 The figures at the right of the verti- 
cals give the relative strength of the binding (referred to the binding energy 
of the 6s electron); the figures to the left of the verticals give the absolute 
binding energy in electron volts. It will be evident from the diagram that where- 
as the variation in the relative strength of the binding of the 7s and 6p elec- 
trons is gradual, there is a rapid increase in the binding strength of the od 
electron and a rapid reduction of the energy of the corresponding level. This 
explains why the intense bands in the Lyyz; absorption spectra of the transition 
elements, associated with transition of an Lyyz electron to nd atomic orbits, are 
located in the region of longer wavelengths (cf.Figs.1-3 for the noble gases). 

I desire to express my sincere gratitude to Yu.A.Lavrent'ev for assistance 


in carrying out the experimental measurements. 


Institute of Rare Elements, 


‘Academy of Sciences of the USSR 
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REGARDING THE ASYMMETRY OF THE Ky AND KOs LINES OF ATOMS OF THE IRON GROUP 
- L.K. Izraileva 


It is a faimilar fact that the KOly and Kolo lines of elements of the iron 
group are asymmetrical in the x-ray spectra of the metals and some compounds. 
Vainshtein! Suggested that the asymmetry of these lines is due to splitting of 
the final Lyyz and Lyzy levels into sublevels owing to exchange interaction of the 
2p electrons with the electrons of the unfilled 3d shell and different probabili- 
ties for transitions from these sublevels to the K level. However, Vainshtein 
carried out his calculations not for the x-ray Lijr and Lyy levels but for a 
closed 2, shell; accordingly, to explain the different transition probabilities 
from the sublevels it was necessary to introduce additional assumptions. 

It is possible to obtain splitting of the Lyz and Lyz, levels into sublevels 
in atoms of the iron group and the transition probabilities from the sublevels to 
the K level by applying the general theory of atomic energy levels? to the x-ray 
levels. In view of the fact that the energy of an atom depends on the magnitude 
of the total angular momentum J, the x-ray levels of atoms with unfilled outer 


Shells n'l’,n’l”,... can split into sublevels with different values of the total 
angular momentum of the ionized atom: 
J = > Jw + ae, 
nil’ 


where J,,, is the total angular momentum of the outer unfilled shell, and J,,; is 
the momentum of the ionized shell ni. The separation between sublevels is deter- 
mined by the electrostatic and magnetic interactions of the electrons in the ion- 
ized and outer unfilled shells. Inasmuch as the x-ray levels have a finite width, 
the fine structure of the x-ray levels of atoms with unfilled outer shells may or 
may not be evinced in the x-ray spectra, depending on the magnitude of the split- 
ting. One can distinguish between two limiting types of fine structure of the x- 
ray levels: 

Type I. In the case of LS coupling between the ionized and outer unfilled 
shells the sublevels of the x-ray level are approximately characterised by the 
values of the total spin S of the ionized level and the total orbital momentum 
Lof the atom. Sublevels of this type have been considered by Horak?, 

Type II. If the ionization occurs in an inner shell in which the coupling 
approaches the /j type and the interaction of the electrons of the ionized and 
outer unfilled shells only weakly perturb the jj coupling, each x-ray level with 
a given / can split into sublevels with different J. 

In a radiative transition between x-ray levels of an atom with an unfilled 
shell there appears an x-ray multiplet. The transition probability between sub- 
levels must, in general, depend on J. If there is fulfilled the condition == 
—_Ey < AE; (E; is the energy of the J sublevel and AF, is its width), the compo- 
nents of the multiplet may merge into a line of complex shape. It must be noted 
that in this case there is violated the condition of quasistationarity for the 
sublevels* and thus the concept of sublevels becomes approximate or nebulous. 

In the present work, on the basis of these general considerations, a con- 
sider the fine structure of the Lyy and Lyyzyz of atoms of the iron groups . 

The separation between the Lyz and Lyyz levels varies from 5 ev in Sc @% = 
= 21) to 20 ev in Cu (Z = 29)5 and, as will be evident from our evaluation of the 
splitting of the Lyz level, the fine structure of the Lyy and Lyyy levels in this 
group corresponds to Type II. 


*It is assumed that in the 2p shell of Fe group atoms there obtains jj type 
coupling. 
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On the assumption that the 3d electrons are in the lowest lying level (L, S, 
J) «@ given by the empirical rules*, the Lyz level (j = 1/2) of atoms fa Leoahapeeh 
group consists of two sublevels with atomic angular momenta J = Jzq + */2 i 
J’ = Jeq — 2/2; the Lyzz level (7 = 3/,) consists of four sublevels with SA e Rr 
total angular momenta J = Jj,+ */2, sats, Jaa —Y/2 and Ja — */o (the individua ie ; 
levels may, in general, merge). Using this model we calculated, in the first ap 
proximation of perturbation theory, the splitting of the Lyyz level due only to 
electrostatic interaction of the 2p and 3d electrons. Similar calculations can 
be carried out for the Lyyzy level. The zeroth approximation wave functions char- 
acterized by 2pj = 4/2, mj = +4/2,3d (L, S, J)sa x Msa (Mga is the projection of the 
total angular momentum J,, of the 3d shell) are of the form 


wy, [2p] = Vom; 3d (L, ei J)sa Moa | = 
n-+1 


e Vania (= 1) Pn yg (le MOsty, (2 + 1); @) 


where n is the number of electrons in the 3d shell of the given atom, Pott is the 
exchange operator for the i-th and n + 1-th electrons. The function FS. sigg (le 
_.., 7) was determined by the methods of Gray & Wills® and Condon & Shortley?; 
pei aed) was determined by the method of Condon & Shortley?. 
2pj="/2 Boe 
]2 


Inasmuch as the matrix of the electrostatic interaction operator V = aS fii 
i>k=1 

is diagonal with respect to J and M,;of the atom and does not depend on M; for a 
given J,2 for finding Al,,,, the separation between the Lyy sublevels with J;; + 1/2 
and J;, — 4/2, we used the diagonal sum rule’, The resultant expression can readily 
be brought to the form 


AE,,, = AG! + BG, (2) 


where G! and G* are the radial exchange integrals for the 2p and 3d electrons’, 
and A and B are coefficients that depend on the angular parts of the exchange 
integrals. 

Using Eq.(2) we found the splitting of the Lyzz level of Mn2* into sublevels 
with J=3 and J’ = 2. The 2p single electron functions for Mn2+ were determined 
by interpolation of the data of Hartree® , and the 3d functions were taken from 
the data of Hartree®. The splitting A#,,, for Mn2+ calculated according to these 
functions equals 1.5 ev. On the other hand, evaluation using the approximate 
functions of Slater1° yielded a value of 0.07 ev. As will be evident from the 
accompanying figure, this divergence is due to the appreciable difference between 
the 7, dependence of the 3d electron wave functions of Hartree and Slater inside 
the atom (the 2p wave functions are close). Consequently, one should not use the 
Slater function for such calculations. It will be evident that the magnitude of 
the splitting is very sensitive to changes in the single-electron wave functions. 

The relative probability for transitions from the Jsa +3/2 and Jz, —1/. sub- 
levels of the Lyy level to the K level was calculated by means of the correspond- 
ing sublevel wave functions and the sum rule2. The transition probability ratio 
is equal to the ratio of the statistical weights: 


3. ee (3) 


- 967 - 


If one neglects splitting of the K level, 
this ratio equals the ratio of the integral in- 
tensities of the two components of the Kdg line 
a prataed factor ~1). For Mn2+ the ratio equals 

On the basis of the evaluation of the split- 
ting of the Lyy level of Mn2* using Hartree func- 
tions one can assert that the splitting of the 
Lyy and Lyyy levels in atoms of the iron group 
is of the order of magnitude of up to l ev. The 
width of the KO; and KQy lines is of the same 
order; this means that the fine structure of the 
Lyy and Lyyy levels with different integral in- 
tensities of the Kg and Ko, line components may 
be responsible for asymmetry of these lines in 
spectra of atoms of the iron group. However, in- 
asmuch as the separation between the different 
Normalized 3d wave functions: J,;; levels of one term of the 3d shell (L,S),, is 
1) according to Hartree, 2) of the order of 0.01 ev (Ref.9), it is essential 

according to Slater. to carry out more accurate calculations taking 

into account all the levels of the lowest term 

of the 3d shell. In Mn one level of the lowest term has L=0 and S=J = 2!/2; 
hence Eq.(2) is valid for Mn. Calculations for the Lyyz level of Fe (configuration 
3d%4s*) taking into account the three levels with J, = 4,3,2 of the lowest term with 
L= 2 and S = 2, showed that the separation between the Lyz sublevels depends not 
only on the 2p — 3d exchange integrals G! and G*, but also on the 2p — 3d Coulomb 
integrals F?.7 

Further refinement of the calculations can be realized if one takes into ac- 
count the states of the other 3d terms. For comparison of the results of calcu- 
lations with experiment it will be necessary to consider the question of the width 
of each of the sublevels of the Lyyz and Lyyzz levels, inasmuch as there is no a 
priori reason for considering them to be equal. 

I desire to express my gratitude to V.P.Sachenko, I. Ya.Nikiforov & E,N.Rumanov 
for discussion of the results and to L.A.Shiyanov for assistance in the calcula- 
tions. 
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THEORY OF THE FINE STRUCTURE OF X-RAY ABSORPTION SPECTRA 
- A. I, Kozlenkov 


1. Physical Basis of the Theory of Short-Range Order 


The experimentally observed fluctuations of the fine structure in the x-ray 
absorption spectra of atoms in metals and alloys are explained by two different 
physical models. Kronig! assumes that the fluctuations in absorption are due to 
fluctuations in the density of states N(E) above the Fermi level. Nonmonotonic 
variation of Nas a function of E follows from band theory. According to band 
theory, the electron ejected in the process of absorption is described by a Bloch 
wave. The effect of the lattice field on the electron is regarded as a small per- 
turbation. 

The ejected electron moves freely within the crystal so that its behavior in 
the lattice is determined by all the atoms of the solid collectively. Consequent- 
ly, the fine structure is a property of all the atoms of the crystal and not the 
sum of the individual properties of a particular group of atoms. In this sense 
the Kronig theory is a long-range order theory. 

In contrast, Kostarev? and recently Shiraiwa, Ishimura & Sawada’ have attri- 
buted the primary role to the nearest neighbors of the absorbing atom. Shiraiwa 
et al° maintain that the ejected electron is better described by a wave packet 
than by an unlimited plane or Bloch wave. The factor e%" is introduced into the 
final state wave function 1, where ao is the attenuation coefficient of the elec- 
tron wave and 7 is the distance from the nucleus of the absorbing atom. These 
authors attribute attenuation to inelastic collisions of the electron with the 
atoms of the crystal. 

Another possible limitation on the free path of the ejected electron is its 
interaction with lattice electrons. These interactions result in losses due to 
collisions and losses due to excitation of plasma oscillations. 4° 

Experiments confirm the theories of Kostarev? and Shiraiwa et al3, while the 
Kronig theory is unable to explain most results.2,6 Kostarev carefully considered 
the experimental data in conflict with the long-range order theory, and showed 
that in fact the only experimentally verified prediction of this theory is the 
AE~*/a. law for cubic lattices. 

Let us now analyze and investigate the existing theories of fine structure, 
predicated on the assumption that only nearest neighbors influence the act of ab- 
sorption. To begin with, we note that these theories attribute absorption fluc- 
tuations to changes in the transition probability P(E) or P(k) as a consequence 
of scattering of the wave of the ejected electron by the nearest neighbor atoms. 
The density of states N(H£) is assumed to be at least a monotonic function of E£ 
or fk, In particular Shiraiwa et al? assume N(E)~E: as in the case of free elec- 
trons. Thus the absorption coefficient +t(H)~E':P(Z£). 

Hitherto existing short-range order theories have not been compared with re- 
spect to their underlying physical assumptions or as regards the methods of calcu- 
lating ‘t(Z) and the final formulas. The difference between Kostarev's2 formula 
tpreyd) and that of Shiraiwa et al? has not been explained. Kostarev2 and Peter- 
sen’ have both treated the field of the nearest neighbor atoms as weak compared 
with the kinetic energy of the electrons and have used the semiclassical approxi- 
mation to determine asymptotic scattering phase shifts. This procedure restricts 
psa epitaph to the region of high energies. Near the main 

y disagrees with experiment, but it is not know whether 


the disagreement is due to the approximations used in the calculations or to basic 


inadequacies in the theory itself. 
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One should note that to date the theor 


y has been tested for onl $ 
Kostarev calculated the peaks and valle poh bek Seas SAAT 


ys in the fine structure of copper and Q- 
iron; Shiraiwa et al3 calculated the absorption curves for copper, iron, and nick- 


el; Hayasi8 determined the positions of the peaks in the spectrum of lithium. No 
attempt has been made to calculate the fine structure either of metals with com- 

plicated lattice structures or of alloys. Finally, it is still not clear why for 
metals with the same structure there is approximately fulfilled the law 


WI eye 


pr 


(AE, and AE; are the energy spacings of similar extrema in the spectra of the two 
metals, and a; and 4; are the lattice constants of the metals). This relation is 
easily obtained from the Kronig theory and until now has been regarded as a signi- 
ficant substantiation of the theory. 

It is difficult to apply these theories to a more extensive group of metals, 
either because of the complexity of the phase shift calculations using a Hartree 
field to approximate the field of the absorbing atom? or because it is necessary 
to introduce parameters that are hard to evaluate.?3 In this paper we shall con- 
sider all these problems from a single point of view. 

The relative absorption coefficient is proportional to the ratio 


» xD, At 2 
Para ne) areas (1) 
Py (k) Dd | Soraya’ 
X,Y ,z 


where ‘ is the initial state function (the 1s function in the case of K absorp- 
tion), and ; and ‘%;, are the final state functions of the electron in the lattice 
of the metal (or molecule) and in the isolated atom, respectively. The P (k) and 
P; (k) are the probabilities for transition of an electron from the state to the 
p; cr ‘);, state. A significant point is that the function { is strongly local- 
ized in a small region around the nucleus of the absorbing atom. Consequently, 
the integrations in (1) are taken only over this small volume. In this small re- 
gion the functions wy, and wy, are in fact different only as regards their ampli- 
tudes A and Ai, and Eq.(1) becomes S =| A/Ai|?. Thus, the calculation of S re- 
duces to determination of the ratio of the squares of the amplitudes of the wave 
functions ; and %,, at the zero point. 

What is the physical reason for the difference between the amplitudes A and 
Ai? Let us compare the two systems schematized in Fig.l. Fig.la shows the absorb- 
ing atom in the center of the two nearest atomic layers at distances 7, and 7 - 
the first and second coordination spheres. Fig.lb represents a free atom. Inas- 
much as the functions }; and pj pertain to the energy continuum (E>0), the prob- 
lem of determining them is equivalent to solving 
the problem of electron scattering from two such 
scatterers. The nature of the scattering is dif- 
ferent in the two cases shown in Fig.1. In con- 
trast to the free atom case, in the system of Fig. 
la there will also occur scattering from the atoms 
of the spheres 7, and 7,, giving rise to inter- 
ference effects at some points in the system. 
Actually, however, the interference effect is sig- 
nificant only in the small region wherein the ini- 
tial state function is concentrated. Obviously, 
the zero point amplitudes in Figs.la and 1b can be 
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compared only if it is assumed that the amplitudes of the functions are equal at 
infinity, i.e., in the region where the distortion of the electron wave function 
by the other atoms of the scattering system is negligible. In other words, both 
problems are normalized in terms of the same constant particle flux far from the 
scattering centers. In the immediate neighborhood of the system and particularly 
near the central atom there is a redistribution of flux associated primarily with 
interference of the waves scattered by the neighboring atoms. This phenomenon ex- 
plains the difference between amplitudes A and A, at the center. 

From simple physical considerations it is clear that the amplitude A will de- 
pend on the distances 7,,7,, etc. and on the electron wave length, i.e., on the 
wave vector k, In fact, A is determined by the phase shift 2 kr, of the primary 
wave relative to the wave scattered from the atoms of the first coordination 
sphere. The effect of the further spheres is weaker. The dependence of Aon 
kr, will have a maximum or minimum at the zero point. This accounts for the 
fluctuation of the absorption coefficient 1(h). 

It should be noted that it is meaningful to speak of a phase shift having 
the value 2kr, at the center_of a system only in the case of plane waves being 
scattered from a point object. In reality the force fields of the atoms of the 
system distort the wave and change its phase in the region of the effective field. 
If the radius a of the sphere within which the field acts is substantially less 
than 7,, then we should expect the ‘interference" phase shift 2kr and the "atomic" 
phase shift 2y,, where 1,(k) is the asymptotic phase due to scattering by the field 
of the individual atoms, to appear additively in the expression for 1t(k). However, 
additivity of the phase shifts 2kr, and 2, can be expected only for strongly 
screened, short-range fields. A long-range potential, such as the Coulomb poten- 
tial, changes the phase of a wave even at large distances from the nucleus, making 
the dependence of phase on ‘/ more complicated. Electrons interact with metal ions 
by virtue of a short-range potential rather than by a Coulomb potential, because 
the nuclear field is screened by the atomic electrons and the field of the ejected 
electron is screened by the conduction electrons. 5 

It follows that the theories of Kostarev? and Shiraiwa et al? give correct 
expressions for 1 for metals and alloys, but not for ionic crystals. If the 
screened Coulomb potential field in metals is approximated by 


Wj nee 
ie 

then the smaller the screening constant a, the better Kostarev's expression for 

t(k) agrees with experiment. 

The next step in the construction of the theory is the so-called spherical 
approximation of the field of the atoms surrounding the absorbing atom. The field 
of the atoms of the first spherical layer of radius 7, and the fields of succeed- 
ing layers have been averaged for molecules by Hayasi® and for metals by Kostarev”. 
Averaging is usually regarded as a formal step to make possible separation of vari- 
ables in the Schrédinger equation and reduction of the problem to radial symmetry. 
However, examination of the theories2,3 shows that the spherical approximation is 
actually a representation of a concrete physical fact: each absorption results in 
ejection of an electron into the lattice with a specific vector k, while experi- 
ment gives the average effect of absorption over the entire crystal and, consequent- 
ly, an average for the directions of emission of electrons of given energy. Of 
course, rigorous calculation would involve solution of the Schrodinger equation 
without first averaging the field over the spheres. For precise determination of 
, one should put the probabilities in integral form, calculate the absorption co- 
efficient t(k) and then average this over all the directions of |; for different 
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absorption events for electrons of given energy. Unfortunately, this method is 
mathematically impractical because separation of variables is aiposs ities Like 
Kostarev2 and Petersen, ? we shall use the spherical approximation where yp, is now 
the solution to the problem of Scattering from a radially symmetric fields repre- 
senting the field V,(r) of the absorbing atom and the system of concentricilayers 
Mer) (7 is the layer number). To effect a separation of variables in the Schréding- 
er equation the wave function is expanded in a series of eigenfunctions f(r): 
-V(%, p). If the initial state function is S-symmetric (K or LI absorption), then 
only the term /'= 1 is retained in the expansion of . Accordingly, only the term 
EG =e4 2 

— =-z is taken in the radial equation and the solution is just the asymptotic 


phase with /= 1. 


All the above considerations pertain to short-range order theory as a whole, 
regardless of whether the final solution is reached by approximate or exact methods. 
However, all present short-range order theories are based on the following approxi- 
mations: 

1) The average field V,(r) of the surrounding atoms is assumed small compared 
to the electron kinetic energy and to the field of the central absorbing atom; 

2. The quasiclassical Wentzel-Kramers-Brillcuin (WKB) method is used to cal- 
culate the scattering phases. 

In the first approximation the averaged field of the surrounding atoms is re- 
garded as a small perturbation. This approximation gives, significantly better re- 
sults than the Born approximation (in which all the potential energy is considered 
small compared to the kinetic energy of the electron). Consequently, the field of 
the absorbing atom is considered to contribute only the "atomic" phase shift 2n, = 
= f(k) and the field of the neighboring atoms is simply the cause of the "interfer- 
ence’ phase shift 2kr,. In Section III we substantiate this approximation and deter- 
mine the energy region in which it is valid. In general, this approximation re- 
stricts applicability of the theory to rather high energies. However, for copper 
it is adequate beginning with the region 20-40 ev from the main edge. 

It is correct to use the WKB approximation to determine the form of the phase 
shift %,(k) only where the field of the absorbing atom changes slowly over a dis- 
tance equal to the DeBroglie wavelength. Near the main edge the DeBroglie wave- 
length is of the order of 4 to 2 A and the interatomic distance 7 is 2.5 to 3 AS 
so that in this region }.~r and the potential in the lattice varies sharply 
within this distance; the WKB approximation is unsuitable for the phase calcula- 
tions. This fact apparently explains the discrepancy between experiment and 
Kostarev's theory in the primary absorption region near the edge. 

The formula deduced by Kostarev2 and Petersen’ for the absorption coefficient 
is valid for both metals and molecules. It is of the form 


Ke Fea igh 
Talit). = |! — ay N, Vir + J,’ sin (2kr; + 2, + aretg =) : (2) 
s s 
+00 Loo 
pi \ V, (a) sin 2kadz; Ij= \ V, (@) cos 2kada; V, (x) < 0. 


The sum is taken over the coordination spheres; *‘ is the number of the sphere, 

r, is its radius, and NV, is the number of atoms in the sphere. The variable of 
integration xz in the two integrals is r—vr,., where ris measured from the center 
of the absorbing atom. To simplify Eq. (2) we note, first, that both Petersen and 


 Kostarev obtained a field V, (xz), averaged over the sphere, which was not symmetric 
about z= 0. This asymmetry is more a mathematical consequence of the method of 
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averaging than reflection of some actual physical peculiarity of the eee 
the atoms near the absorbing atom. It is easy to show that the quant ee oan F 
Kostarev ,2 Petersen’) is quite small even for small k corresponding to He a a | 
edge, and is even smaller in the short wavelength region. Pde er eet ae 
sume that JV, (z) is an even function, then I, = O and arctg/,//, = 0. Making these 
assumptions, instead of (2), we obtain 


t (k) = [oO NPT sin (2kr, + 2m.) | 


. (3) 


If the fluctuations in absorption are small compared to the mean level of absorp- 
tion tv (k) = 1, we can write approximately 


~ 


«(b) 1 + Te) = 1422 NI sin (2kr, + 2m); <0; (4) 
where 1 (k) is the variable part of the function 1 (k). In Section III it will be 


shown that the quantity ois, is a slowly varying function of k, decreasing as 


k increases and as the layer index s increases. In fact all the principal peaks 
of the fine structure are given by the first term in the sum. This fact implies 
that the positions of the principal peaks are determined by the condition 
sin~(2kri + 2%) = =1 Por? 2kry 2H = + 2mn. (5) 
This condition is valid regardless of whether the absorption fluctuations are 
small or large. Neglecting the contribution of distant spheres to the sum, we ob- 
tain 


t (k) ~B (&) sin (2kri + 2m1), (6) 


where 4(k) is a monotonic and slowly varying function of *. Equation (6) has a 
clear physical meaning. The phase shifts 2kri and 2ni(k) enter into the argument 
additively, which is a consequence of the smallness of the screening constant a 
compared to 7;. On the other hand, in the formula the field of the absorbing ator 
contributes only the "atomic" phase 1, (k), while the field of the concentric layers 
of atoms adds only the interference term 2kr,. This fact is a consequence of tres 
ing the averaged field of the surrounding atoms as a small perturbation. Within 
its range the field averaged over the sphere changes the phase of the wave only 
Slightly compared to the phase in the absence of the field. 

Equation (6) may be readily compared with the expressions derived by Shiraiws 
et al3, In (6) it is assumed that the final state wave function of the electron 
is the sum of the primary wave and the waves scattered by the neighboring atoms: 


tby = ei) 4D) gyetli,0 ; 
J 

where ;, is a wave vector pointing from atom j toward the absorbing atom. The 
sum is taken over all the atoms surrounding the absorbing atom. The scattering a1 
plitudes q; are calculated for the neighboring atoms in the Born approximation wi: 
the fields of these atoms being represented by a square well of depth V, and radi 
a. The function appears in the integral for the transition probability. The 
density of states N(h) is assumed proportional to k. 

The probability integral is averaged over all directions of electron ejectio: 
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from the absorbing atom. 


The resulting expression for i 
SASSO ea 9) the absorption coefficient, 


g all secondary-scattered waves, is of the form 


2mV ,a® | cos 2ka sin 2k N 
Gi) Sess ES aa | 21 sin Bho (7) 

It is obvious that the theory of Shiraiwa et al,3 by assuming a plane primary 
wave, does not take into consideration the field of the absorbing atom or the phase 
shift 2ni(k) associated with it. In this case theoretical calculation of the change 
of phase brought about by the field of the neighboring atoms is superfluous, for 
we know that the averaged field of the surrounding atoms introduces a ee phase 
shift than does the field of the central atom. Therefore, if this theory? can 
claim some sort of agreement with experiment, it is only in the sense that, like 
the other theories,it takes into account interference of the scattered waves, i.e., 
the phase shifts 2kr,. Shiraiwa et al3 assume that ax<r,. Therefore the factor in 


N 
(6) which depends on 2ka slowly modulates the leading term > — sin 2kr,. Calcula- 
Ss rs 
tions show that the shape of the Co, Ni, Cu, Zn and Fe absorption curves is given 
quite accurately by 


ti) —. >, ay 2kr.. (8) 

The factor es is omitted from Eq.(8); according to Shiraiwa et al? this 
factor allows for attenuation of the electron wave as it moves away from the ab- 
sorbing atom. Actually, while for the first few spheres this factor is negligible, 
it becomes important in the far short wavelength region. Since the authors give 
no reasonable method of specifying this quantity, we prefer to treat e “*‘ asa 
constant, rather than as a parameter to be chosen to fit theory to experiment. 

We shall use the simple formula (8) to calculate the absorption curves of Cu, 
Zn, Ni, Co and Fe. Comparison of (8) with the previously obtained expression (6) 
shows that if the phase 27: is neglected the formulas agree, not because of the 
smallness of 2n1, since in reality the field of the absorbing atom is not weak, 
but because of the particular form of the / dependence of 71. Kostarev's calcula- 
tions? for copper and iron show that the phases, calculated semi-classically, be- 
have as shown in Fig.2. From 50 to 200 ev the average value of the phases is 
Ni=3n/2. As k increases, the phase decreases slowly and monotonically, intersect- 
ing the line m1 = 3n/2. Inserting = 30/2 into (5), we find that for the metals 
from Fe to Zn the condition for peaks is 


Qkri =n/2+2mn (m= 4, 2, 3...). 


The absorption coefficient is given by Eq.(8). 

The atomic field of other metals differs from that of copper or iron, and the 
phase n.' has a different mean value in the energy region which corresponds to the 
Kronig structure. The mean value of 41 may be determined by considering the be- 
havior of the phases calculated for a self-consistent Hartree field for various 
atoms, e.g., He, 0, A, Cl, Fe, Cu, Kr, Hg, etc.2 The behavior of the phases ex- 
hibits general regularities for potentials which fall off faster than 1/r, in par- 
ticular for a square well or screened Coulomb field: 

1) as k 0, 1 — 5%, where s is the number of levels in the potential well 
with angular momentum /; 

2) as k -+00, 1-0 for fairly large ik. 

From consideration of the phase curves of the above mentioned atoms it fol- 
lows that fork —0: yn. —0 for He, {1 — % for Cl, 71 — 2x for Kr, etc. 
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One can qualitatively establish the k 
dependence of n: for elements with intermedi- 
ate atomic numbers. In particular, one would 
expect that for Ca the phase would be close 
to on the average (in the energy region 
from the Fermi surface up to 150 ev); the 
average value of 1 for Al is x/2, for Be 
n/4, etc. It is impossible to use Eq.(8) to 
determine the positions of the principal fine- 
structure peaks for these elements; the more 
general expressions (4) and (5) should be 
used. 

The k dependence of the phase for dif- 
ferent atoms will be considered in more detail! 
in Section III. 


II. Calculation of the Fine Structure of 
Some Metals 


We have shown above that the absorption 
coefficient for metals is given by Eq. (2), 
which, subject to the specified approximation: 
can be written as 


LV es 
t(k) =} —; sin (2kr, + 2m,). (9) 
0 ee eee 8 s 
10 k 
For V, Fe, Cr, Co, Ni, Cu and Zn the phase 
Fig.2. Scattering phase 1 calcu- yni(k), beginning 15 to 30 ev above the Fermi 
lated for a Hartree field. level, approaches 37/2, while for Al it is 


close to «1/2. Then, inserting the mean value 
2n1 = 3x or &% into (9), we obtain 


t (k) = yy “© sin kre (10) 
s s 

The absorption curves for Fe, Co, Ni, Cu, Zn, Cr, V, Ti and Al, which crystallize 
in a body-centered cubic, face-centered cubic or hexagonal lattice, were calculater 
by means of Eq.(10). Furthermore, the fine structure of Be and Ca was calculated 
assuming (see Section 1) that for Be, n1 averages close to 2/4 and for Ca close to 
2x. The positions of the principal absorption peaks are determined for Be from 
the expression 2kri-~(2m + 1)x(m = 0, 1, 2...), and for Ca from 2kr, = —n/24+ 2mn 
(m=1, 2, 3...). The results of the Be and Ca calculations are given in Fig.3. 

Figs.4-8 show the absorption 

Agq? 14 eV curves calculated by means of Eq. (10) 

for a number of metals and the cor- 
responding experimental curves. Com- 
parative curves for different numbers 
of spheres in the sum are given in 
Figs.5,6 and 8. Since all the calcu- 
lated curves are plotted in terms of 
k, while experiments give the peaks 


eFig.3. Positions of the fine struc- 
ture peaks for Ca and Be. 
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Fig.4. Theoretical absorption curves for Ti calculated for two and six spheres. 
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Fig.5. Theoretical and experimental absorption curves for Zn. 
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Fig.6. Theoretical absorption curves for Fe, calculated for two and seven spheres. 


and valleys in the energy scale, is necessary to know how to convert from & to E. 
This conversion is accomplished by the formula 


: (11) 
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Fig.7. Theoretical absorption curves for Al, calculated for two and seven spheres. 
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Fig.8. Theoretical absorption curves for Cu, calculated for two and seven spheres. 


here EL is reckoned from the Fermi level, Ais a constant for the particular metal, 
but is approximately given by A =V,—gq, where V, is the mean potential of the 
electron in the lattice and g~ is the work function. The constant A characterizes 
the kinetic energy datum, which lies below Fermi level. The constant can be found 
by fitting the experimental curve to the curve plotted by means of Eq.(10). The 
experimental curve is plotted in terms of energy measured from the Fermi level; 


accordingly the energy scale LE’ =E+A=*E of the theoretical curve is shifted 


by the amount A relative to the experimental scale. The curves are fitted by ob- 
taining the best coincidence of peaks. In the far short wavelength region and in 
the interval 10 to 50 ev, some discrepancy between the two curves is possible be- 
cause here the phase deviates from the mean value assumed for the given metal. 
The values of A found in this way agree well with the approximation Vo—q. In 
particular, for Cu, Fe, Zn and Al the values of A are respectively 15, 11, 17 and 
10 ev. On the other hand, a number of authors have evaluated V, for enede metals 
and obtained 19, 16, 21 and 12.4 ev, respectively. 

The work function py is 4.7 ev for Cu, 4.8 ev for Fe, 4.2 ev for Zn and 3.0 ev 
for Al. Consequently, A equals 15, 11, 17 and 9.5 ev for these metals, which is 
in good agreement with the values found from the absorption curves. equation (11) 


gives the correct values of Emax corresponding to the values of kmax determined 
from (2), (10) or (9). 
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Examination of the curves in Figs.3 
1) In the theories of Kostarev2 and 
of the fine structure are explained by sc 


deration of further spheres, i.e., inclusion of further terms in the sum of (2) 
hardly changes the positions of the principal peaks in the primary region of abe 
sorption, but it intensifies them and leads to the appearance of additional 
weaker maxima of hyperfine structure. In particular Figs.5,6 and 8 show that 
the 30, 78 and 135 ev peaks of Q-Fe, the 77 and 130 ev peaks of Cr, the 64 ev 
peak of Cu, the 159 ev Zn peak, etc. are not present in curves calculated for the 
first and second spheres, but they do appear in curves where the sum comprises 
from three to seven terms. Furthermore, inclusion of scattering from the second 
and higher order spheres can change the relative intensity of the principal peaks. 
The zinc lattice provides a particularly good exampie, for in it, owing to the 
anomalous c/a ratio, the radii mm and ro differ greatly. Fig.5 presents curves 


~8 leads to the following conclusions. 
Shiraiwa et al? all the principal peaks 
attering from the first sphere. Consi- 


plotted for two spheres and for one sphere. The second sphere sine curve = 


sin 2kr, 
substantially changes the amplitudes and positions of the peaks plotted for the 
first sphere. Experiment is in good agreement with the theoretical curve construc- 
ted for two spheres, but not with the curve for the first sphere alone. Consider- 
ation of further spheres has practically no effect except for small changes in the 
primary region near the main edge; the positions of the principal peaks remain un- 
changed. 

2) In the far short wavelength region the curve constructed for a large num- 
ber of spheres exhibits splitting of the principal peaks, which is not observed 
experimentally (Fig.8). In fact, here agreement with experiment is best when only 
the first sphere is used in the calculation. This effect is explained by a decrease 
in the amplitude of scattering from the more remote spheres, owing to the fact that 
the average field of the distant layers is significantly weaker than the fields of 
the first spheres. The amplitude of scattering from any layer decreases as k or 
the electron energy increases, because the barrier penetrability of the electrons 
increases. Therefore the peaks due to the outer spheres are observed experimen- 
tally in the primary part of the absorption curve, while in the far short wave- 
length region, scattering from all spheres becomes less, so that the scattering 
amplitude for the outer spheres diminishes to below the sensitivity threshold of 
the experiment. One can improve agreement with experiment by introducing the fac- 
tor e's, as done by Shiraiwa et al3, However, this procedure is of uncertain 
value in so approximate a theory. Section III presents a more rigorous calcula- 
tion of the scattering amplitude as a function of 7, and k. 

3) The experimental peaks in the far short wavelength region are systemati- 
cally shifted to the short wavelength side relative to the peaks calculated by Eq. 
(10). As previously mentioned, this is a consequence of the monotonic decrease 
of the phase 7:(k) as with increase of k,so that the phase departs noticeably from 
its average value for large k. 

4) Equation (10) agrees with experiment for the initial intense fine struc- 
ture peak, usually called the " 4 maximum". For example, the energy of the A peak 
of copper is 15-17 ev. The expression 2km= 1/2 + 2mn gives 17 ev for m= 2, while 
Kostarev's theory gives 9 ev. 

The error in Kostarev's theory? is probably due to the semi-classical calcu- 
lation of the phase 71, 2 method which is not appropriate for small k. If the 
phase for Cu or Fe in the primary region is assumed to diminish to x, then it is 
clear that the simple expression (10) will agree better with experiment than will 
the more exact formulas deduced by Kostarev and Shiraiwa et al’. 
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2 
ast 
Let us now show how to derive the familiar inverse square law ME, = 2 of 
u 
Kronig's theory from Eq.(10), where AE; and AE; are the energy separations of ana- 
logous fine structure extrema of two metals with the same. structure (face-centered 
or body-centered cubic) with lattice constants a; and a;. The condition for peaks 
and valleys is 
dt aN, 
dk are 


s § 


cosine (12) 


For a metal with lattice constant a;, we have 


Na, r 

Se s 
S Tee ( 2ka; a ==iQ);, 
ie F 


and for a metal with constant 4;, 


Na. r 
yo cog (2k a = 0. 
r a; 


8 J 


8 


a; Nas: r ip 
oe and —§/—c,,, ~=—b, and ime are the same for metals (such as 
s r a; 


The ratios 


s 


Cu and Ca) with the same structure. Thus 
Sic. cos (2ka,b,) = 0 and >\¢s cos (2ka;b,) = 0. 


Let k, be a solution of the first of these equations. Multiply ); by a, Then 
j 
Heyy Hogg satisfies the second equation because it transforms the second equation 
i] 


into the first. Therefore 
easgg eluted (13) 
Because 


21.2 21.2 


: Rk? . 
5 = But As and x = Eyjp + Aj, 


Ey+tA;, @ 
then Peetaitia here /,; and £,; are the energies of the peaks figured from the 
a 


Fermi level. For the two other analogous peaks E and E,, we have 


hk? Wk? 


=E, +A; and 53 = Ey + Ai. (14) 


2m 
Eliminating the constants A; and 4A; from Eqs.(14) and (13), we have 


AE; a Bu — Ey +“ a; 
ey Spee (15) 
Thus, the AH~1/a? law is obtained from short-range order theory and is 
therefore, not a confirmation of the Kronig theory. However, the law is not exact 
in short-range order theory because we used the average value of the phase 7 in 
the initial expression (10). 
The theory developed above seems primarily an explanation of the x-ray ab- 
sorption fine structure of metals. Yet, the mathematical formalism of the theory 
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was originally worked out’ for such molecules as GeCl4 and AsClq. 

Levee HE ee eee calculations, we can make several general- 
pepe e fine structure in the absorption spectra of mole- 
1) Interference phenomena should occur in molecules as well, since in the 
case of absorption by atoms of Ge or As there occurs scattering from the Cl atoms. 

2) The first coordination number is 4 and is two or three times smaller than 
for metals. This means that the spherical approximation of the average field is 
less exact than for metals. 

3) The nature of the field differs from that for ions in metals; moreover, 
there is no screening by conduction electrons. Determination of the scattering 
phase .4,(k) from x-ray spectra data provides information about the field of the 
central atom of the molecule, e.g., Ge. The behavior of the phase is generally 
different from that for a metal. 

The theory developed here (including Eq.(10)) is also applicable to alloys. 

In general, one must consider the different scattering powers of the constituent 
atoms of the alloy. However, if the effect of the second sphere is weak, simple 
calculation treating the atoms of the alloy as identical leads to the correct 
positions of the peaks, but not to correct relative intensities. Comparison of 
the absorption curves of the two kinds of ions in a two-component alloy reveals 
that the difference is chiefly a consequence of dissimilarities between the phases 
YN, Of the two ions. 

A qualitative explanation of the temperature dependence of fine structure is 
quite easy. The radius 7, ceases to be fixed and becomes statistically distri- 
buted around some average value. The statistical variation of the interatomic 
distances leads to a variation in phase. Obviously, the shorter the electron wave- 
length, the greater the mismatch in phase for a particular maximum at a given tem- 
perature, i.e., for a given root mean square deviation of the atom from its equi- 
librium position. Consequently, as experiment confirms, the fine structure begins 
to "melt" (fade) on the short wavelength side. 


III. Relation Between the Fine Structure and the 
Parameters of the Potential of the Absorbing Atom 


In this section we derive an exact expression for the absorption coefficient 
1(k) without the approximations used by Kronigl, Kostarev2, Shiraiwa et al3 and 
Petersen’; furthermore, we use a simpler approximation for the fields of the ab- 
sorbing atom and the concentric layers. An analytic expression for the phase 1/(k) 
can not be obtained by using complicated fields such as the Hartree field or the 
Thomas-Fermi potential. The phase in such cases must be calculated by complicated 
numerical methods.2 As a first step in the calculation of 7, and t(k), we approxi- 
mate the field of the individual atom in a metal by a square well of radius a and 
depth V,. The phases 1, for such a field can be calculated by a familiar formula? 
for all values of k. On the other hand, the square well potential is a special 
case of a potential falling off faster than 4/r. The phase 1,(k) behaves qualita- 
| tively in the same way as for other short-range fields, such as the screened Cou- 
lomb field. 

For large k the phases 1", tend monotonically to zero, and for small / they 
tend to sx, where s is the number of levels in the field V(r) with angular momen- 
a: gee LAL Ow 
ae ne is ae p u9es that the results of scattering from a square-well potential 
with parameters V, and a resemble those of scattering from a screened Coulomb 


Ze2 
potential V(r) = Zee , if we make a the same in both cases and set Vo 
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The results are most similar for high energy electrons. 

The interaction of the electron with the field of the atom in the metal is 
not a Coulomb interaction, but rather a screened Coulomb interaction, and the 
square-well parameter a roughly characterizes the extend of the screening. One 
would expect that approximating the field of the atom by a square well and proper- 

ly selecting ), and 72 would be useful quantitative- 
ly as well as qualitatively. 
A 8,% 45 Din Let us consider a system of an absorbing atom 
at a at the center (7=0) and surrounding atoms at a 
distance 7, (Fig.9a); here Vo and a are parameters 
of the field of the absorbing atom, and J), is the 
field of the Vi nearest neighbor atoms, averaged 
over the sphere of radius 7. Fig.9b characterizes 
the case of an isolated atom. Since the problem 
has central symmetry, we can separate the variables 
in the Schrédinger equation. To find the relative 
absorption coefficient 1 (k), we must determine the 
ratio of the squares of the amplitudes A and A’ of 
the wave functions %; and ;,, describing, respec- 
Fig.9 tively, an electron ejected from an atom in a metal 
and an electron ejected from a free atom. The ampli 
tudes in regions I, II, III and IV of Fig.9a are denoted by A,B, C and D,respectiv 
ly. The scattering phases in regions II, III and IV are Ni Nh and ni - In Fig. 9b 
the amplitudes in regions I and II are A’ and 8’, and the phase in region II is 
n1.. For K or Ly absorption, 1 = 1. The ratio A/A’ is determined by using the con 
dition B’ =D, i.e., equality of the amplitudes of the wave functions at infinity. 
The radial equation for a function G(r) = rR (r) is 


2G L(ii+1 
ae t [B#—“a]6 =0, aoa 


2mV 
Re? 


where in region I hk, =k’ =Vk2 132 2 = in regions II and IV k; = 4, and in 
2mV,, 


h2 


region III k; = k, = Viz +h, k= 


The general solution is a linear combination of Bessel functions of the type 
Ji4s, (kr) and J_i1, (kr). In region I we can take only functions of the form Jj, (kr 
because only they are finite for r= 0. ; 


For the case of Fig.9a (an atom in a metal), the solution G(r) has the follow 
ing form in the various regions 


Ls Are] i434), (k’r). 
ky", 
Il. B(3)"r% [cos mJ i4y,(kr) + (—1)! sin Jy, (kr) ). 
(mi) " ; ; ; ‘ : 
LIRee a ar iene [cos NJ 14s, (Ayr) + (—1)! sin ny J_y_y, (Ayr)]. 
mk\/2 , ” : ” 
IV. D (5) rls [cos nF i4y, (kr) + (—4)! sin n{J_y_1,(kr)]. 
For Fig.9b (the free atom) the solution in regions I and II is 


i€. Aled 3, (k’r). 


‘Wigs (= yh [cos niJi41,(kr) + (—1)! sin Tid —11, (kr). 


-P 
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The phases 1, 7, 1; and y,; are determined f 
, the logarithmic derivatives at the points r=a 
=m +a. It is easily shown that m1 = 1. 
By equating the wave functions at the joining points and using the condition 
B’ =D, we can express PD in terms of 4 in problem 9a, and B’in terms of A in prob- 
sgn ca a thus obtain the ratio | A/A’ |?, i.e., find the absorption coefficient 
Tv (i; a, Vo, 71). 


Let us consider the case of K or Ly absorption; we set /= 1 in all the for- 
mulas. 


Using the expressions for Bessel functions 


rom the condition of equality of 
»>r=nm—a=b and r=20a4+b= 


Jutien\y = 2. (sinker 
(Kr) Se) ore kr) (17) 
and 
= Bon cos kr : 
J_»,(kr) ae kr (— = —— kr) (18) 
and the joining condition for the logarithmic derivatives we obtain 
‘ka k‘a ; ‘ J 
' - en (Ge — Fe) te ka ty ha + ha tg ha — ha tg ha 
ie = phe Sag ae aE rarer eT, (19) 
(—- ia) teh a—ka—k’atg k’a tg ka 
' T1(k., b) — Ry (k., b) S (k, b, 
tg m1 = oa EY (20) 
2 (k,, b) a R, (k,, b) S (k, b, m1) 
SOOT Hb — Ry (k, b + 2a) S (k,,b + 2a, 1, 
ote 1 (k, 6 + 2a) 1(k, 6+ 2a) S (ky, b + 2a, y,) (21) 


T(k, b+ 2a) + Re (k, b+ 2a) S (k,, b+ 2a, 1,)’ 


_ T1(k, 6) —T2 (k, b) tg m 
S (k, bm) = ey Ra byte * 


The functions 71, T2, Ri and f2, appearing in Eqs.(20) and (21), have the form: 


: kb sin kb (22) 
T, (k, b) = ksinkb + — 2 
in kb kb (23) 
T2 (k, b) = —k cos kb + = - ae ‘ 
Ri (k, 6) = — cos kb Ane , (24) 
Rs (k, b) = sin kb 4 S™ (25) 


Thus the absorption coefficient is 


Al senor b) +-sin n,- Re 0) P — 2a + b) + in ny -Ra(h 2a +b) Jes 
=) =|) =| ceanoR Gy Fainn Rete | % | cosy, RR Dab Ot sin, Re E 20F8) 

From the phase equations (19)-(21) we obtain an expression for the epeos Ett oy 
coefficient that is exact because none of the approximations of Kostarev - 
Shiraiwa et al°2 or Petersen’ were used in its derivation. In obopts att e ee 
tion can also be used to calculate tT (k) in the region of the main pees eee : 
if we assume that the fine structure at the main edge is determined by the 


gral I(t) = > | Srpoarp ae [?. 


= OR ta a 


Calculation of the average field Vo 


In the same way as in the work of Petersen’ and Kostarev2, the field of M1 
atoms at a distance 7, from the absorbing atom is replaced by a field averaged 


over a sphere of radius 7,, namely, V1 (7) = DV; (7) = NwW,(r). If the field of each 
j=1 


atom of the first layer is approximated by a square-well potential with the same 
parameters a and Vo, we obtain for the absorbing atom 


Wie) = ee fa? — (ri — r)?] (27) 


for m—acr<qn-+ta. For r=7i 


Vii, = Ao ( 2, (28) 


and for r=7i—a and r=7--+a 


Vi (7) = 0. 


The averaged field has the form shown in Fig.9b. For simplicity we average 
it with respect to r between the limits 1 —a<r<m-4da, i.e., we introduce a 
concentric square well of width 2a and depth V,: This averaging does not in prac- 
tice change the position of the fine structure extrema, since the positions of the 
extrema are determined by the quantity 2kri and the phase 71 (x), and these depend 
only on the parameters of the field of the absorbing atom. We note that the fielc 
Vo is in a sense an average field acting on the electron in a region of radius a, 
so the V), not Vomax, Should be compared with V». 

Averaging over r gives 


r+a 
M \ V (a) 4x?dax 
¥o=W(y) = —2 5 NWs fee ow 
ry+a 24 T1 Iw e (29) 
4nx*dx (4 a 
ya ~ 
Since a?< 3ri, 

Vol _ Maa? 
Vol 24 =, 


The coordination number Vi is 8 or 12, and the constant a in metals at least is 
no larger than 7/2 (the radius of the atom). In this limiting case, we have for 


ue (i= 2.6 A) VV, = 1/8. Actually this ratio is probably much smaller because 
aX}. 
« (h) Equation (29) will be used to evaluate the magnitude of the fluctuations of 


Transition to large k 


First approximation. Let 


kb ~ ka ~ in 
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For Cu 71~ 2.6 A and for the A maximum (17 ev) & az 2 Ace i.e..,.1/krsy = 1/7. _ In 
the short wavelength region the quantity 1/kri is even smaller, but near the Fermi 
level and at the main edge where k= 1 to 1.5 Al, 1/kr, = 1/3 to 1/5 and the ap- 
ae is not valid. Neglecting terms with 1/kb in equations (22)-(25), we 
obtain 


Ty (k, b) =k sin kb, To (k, b) ~ —k cos kb: 
Ri (k, b) = — cos kb, Re (k, b) = sin kb. 


Inserting these functions into (2) , (21) and (26), we obtain after obvious mani- 
pulations 


Tv (k) oo 3 (1 —— (4 = B?) = (30) 
( 


where 


Ars tg 2k1a, B = tg [kri — ka + m (ka)], 


Pe 2m VAs 


k, =V ke + Be, High es Oo 


Two important results follow from this equation. 

1) As k = 00, ki ~k and t(k) +1.. This means that the fluctuations in ¢t (k) 
decrease in amplitude as sk increases, and they vanish in the limit of the far 
shortwave region. For k, =k, 1+t(k)=1. The physical cause of the extinction 
of the fluctuations is the increase in transparency of the potential layer V, 
as the energy of the ejected electron increases. The amplitude of the wave scat- 
tered from the layer diminishes as k increases, and, consequently, the fluctua- 
tions of the absorption coefficient decrease. This effect occurs even without 
taking into account thermal vibrations of the atoms. 

2) The smaller the quantity kh), the faster the extinction of the fluctua- 
tions. Because 


12 2mV NV, ( a ) 2m 


Ty] h? 4 


| eyes 22: 
and the quantity V/r? diminishes for the outer spheres, the absorption peaks due 
to the remote spheres fade faster with increasing & than the principal peaks due 
to the first sphere. In agreement with this explanation only the peaks due to the 
first sphere are experimentally observed in the far short wavelength region, while 
hypderfine structure (peaks due to the remoter spheres) is observed in the primary 
region. i ns 

i Second approximation. Let = <1 and kj <k’®. This second condition is equi- 
ke 


, 4 
valent to £,;,>s>Vo. Introducing the small parameter A = oe and substituting 


k, =k (1 +A) in Eq.(30), we obtain, to first order in A, the simpler expression 
4 4 
ee es Bh 2 (31) 
oi el a “ B?) mx 4 = sin 2k, a sin (2kri + 2m) 
If we set /,=0 in the Petersen-Kostarev formula (2), approximate V,(z) by a 
Square well with parameters Vi and a, and include only the first coondi pation 
‘sphere in the sum, this formula reduces to Eq. (31). Consequently, Kostarev's the- 


4 . , 
ory corresponds to the approximation im <! and Exins> Vo. 
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We note that in this approximation sin 2k,a ~sin 2ka. Because «<1, the fac: 
tor sin 2k,a slowly modulates the leading term sin(2kri+ 21) and the quantity 
0 sin 2kia should be identified as the fluctuation amplitude. If we assume 4 = 
= 0.1 to 0.3 A for Cu, we find that the strongest fluctuations in absorption wil: 
be observed in the 70 to 150 ev region, where sin 2ka has a maximum. And, in faci 
it has been established experimentally that the most intense peaks in the copper 
spectrum are the 147 and 80 ev peaks. Similarly, in the spectrum of iron the 
highest peak is located at 105 ev. Thus the general shape of the absorption cur 
is determined by the parameter « of the field of the absorbing atom. 

The general attenuation of the fluctuations is characterized by the quantity; 


oat Mo | AVR SEs 
Ro Exin §=Fin  24r? 


Calculation of the phase 7 (fk) 


The phase y; (k) depends only on the parameters of the field of the absorbing 
atom and is found by means of Eq.(19). The results of our calculations are showr 
in Fig.10. The phase is a function of ka and depends on the parameter fa = 


ealenVorers In the limit ask =o, y1 >0. As k—0, 11 (ka) — sx, where s is the 


number of levels in the well with angular momentum /= 1. If koa <x, then s = 0; 
if n< koa < 2n, then S= 1; if 2n < koa < 3n, then s = 2, etc. The previously men- 
tioned similarity of scattering from a square well and from a screened Coulomb px 
tential gives reason to assert that koa is proportional to Za, where Z is the 
atomic number. Allis and Morse! showed that the partial scattering cross sec- 
tions for slow electrons are quasi-periodic with respect to the quantity Bp = V; 
where do is the Bohr radius and 7 is the limiting radius of the atom (approxi- 
mately the Slater radius). Because the partial cross sections are determined by 
the values of sin’? 1,, the quasi-periodicity of the cross sections is a consequence 
of the quasi-periodic variation of the phases 1. = 

That such behavior of the phases with variation of Za and V Zr, is a gene: 
characteristic of all screened fields and potential wells will be evident from F: 
10. The character of the phase curves for square wells is similar to that of th 
phase curves calculated for Hartree and Thomas-Fermi fields. The phases for A a 
Kr are in best agreement with the curves for a well with a parameter k,a only 
slightly larger than 2x and 3x, respectively. The dependence of the phase on k 
more complicated for other atoms or ions, but we assume that the behavior of the 
phase is similar to that indicated by the curves in Fig.10. 

Fig.2 gives a series of curves of 11(k) calculated by different authors, as- 
suming Hartree fields, for various atoms and ions. The semi-classically determi: 
phases? for 2gCu and o¢Fe increase almost linearly as k decreases. However, the: 
WKB method is invalid in the region of small k, and it is to be expected that th 
phases for Cu and Fe will tend to x for small ky similarly to the curves for a we 
with koa between 9.3 and 9.42. This conjectured behavior of the phase for coppe' 
is indicated by the dashed line. Kostarev's2 error in determining the position 
of the 17 ev peak (k = 2.7 A-!) for copper is connected mainly with the semi-class 
cal method of phase calculation, and disappears if for k<4A-! the phase actuall. 


decreases and approaches the value Yl = le : 
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For o09Ca it is reasonable to assume that 
in the energy region up to 150 ev the phase re- 
mains close to x; for 13A1 the phase behavior is 
Similar to that of Cu, but as k—>0, 41-0. For 
beryllium we can assume that as k—+0, m—0; the 
same is true for helium, while as increases, 
the phase increases to x/4 or x/2 and remains 
close to this average value, slowly decreasing 
as k increases. 


Discussion of the Results 


We have established that the positions of 
absorption fine structure extrema are determined 
by the radii of the coordination spheres of the 
atoms surrounding the absorbing atom in a metal 
or alloy and by the potential of the absorbing 
atom itself. 

The amplitude of the absorption fluctuations 
is determined mainly by the ratio N,/r; and the 
ratio of the field V, of the neighboring atoms, 


2 4 5 ka averaged over the sphere, to the kinetic energy 
of the ejected electron. Thus, through investi- 
Fig.10. Scattering phase 71 gation of fine structure we are able to determine 


for different potential wells. in principle the significant characteristics of 
The numbers at the curves give the field of the absorbing atom such as the depth 
the value of the parameter ipa. JV, of the potential well and the screening con- 
stant a. The quantity directly associated with 
the field parameters ), and ais the scattering phase y,(k). It must be found from 
experimental data. The attainable accuracy in determining the phase variation 
depends on the number of reliable, experimentally determined extrema in the absorp- 
tion curve. Thus the main edge and the Kronig structure should be surveyed at low 
‘temperatures, when the greatest number of extrema are evinced. 
The theory proposed in this paper uses a very simple approximation for the 
potential. To clarify the relation between the absorption curve parameters and 
a and Z one can solve the problem for potentials of the type used by Allis and 
Morse2® , the screened Coulomb field and other short-range fields. Phase calcula- 
tions for more complicated fields such as the self-consistent Hartree field or 
the Thomas-Fermi potential require numerical methods. The WKB method may be used 
in the short wavelength region and the variational method in the initial absorp- 
tion region. The results should be compared with those of phase calculations for 
simple fields. Clearly, any improvement in the accuracy of determination of % (k) 
should be attributable to more precise specification of the field of the absorb- 
ing atom. The average field of the surrounding atomic layers can be taken, as be- 
fore, in the form shown in Fig.9a, since this field does not affect the phase 
ni(h). 
es A comparative study of the Ly, Lyz and Lyzy absorption curves is of interest, 
since here experiment can yield additional information about the behavior of the 
‘phases no(k) and y2(k). Simultaneous knowledge of the phases ni(k), no(k) and %2(‘) 
will allow of more accurate determination of the field parameters. 
Equations (26), (30) and (31) are also approximately applicable to the calcu- 
lation of the fine structure in the absorption spectra of alloys. 
. The positions of the absorption peaks for alloys, as for metals, are deter- 
‘mined chiefly by the coordination radii r;. Therefore one can make approximate 
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calculations neglecting the difference between the constituent atoms. This dif- 
ference manifests itself only in the magnitude of the field Vi, i.e., in the com- 
parative intensities of the peaks associated with the different spheres. 

For ionic lattices one can give a qualitative explanation of the behavior of 
the absorption coefficient. If we suppose that this field is of longer range, 
i.e., that a and V, are larger than for the field of an atom in a metal, Eq. (31) 
indicates that for ionic lattices the extent of the structure is smaller because 
sin 2ka goes through zero for smaller k, while the amplitude of the fluctuations 
in the primary region is greater because the field Vi is larger. 


Conclusions 


1. The nature of absorption fine structure in metals and alloys is determine 
primarily by the parameters VV, and 7; of the nearest coordination sphere atoms an 
of the field of the absorbing atom. The field of the neighboring atoms determine 
the intensity of the fluctuations in absorption. 

2. Consideration of existing theories indicates that these theories employ 
two basic approximations: a) weak average field of the atoms near the absorber, 
and b) short-range interaction of the ejected electron with the field of the atom 

3. We have shown that the absorption is given by the equation 


Ne 
x(t) ~| ‘| — A(k)>} 
or by the simpler approximate formula 


N 
wk) Te, = sin (2kr, + 2m); 


s Ss 


sin (2krs + 2n;) in 


2 
rs 


which is applicable to metals, alloys and molecules. This formula was used for 
calculations for a series of metals with cubic and hexagonal structure. The best 
agreement with experiment is obtained if the computation /£ scale is converted to 
the experimental scale by means of the formula 


where A is found by fitting the experimental data to the theoretical curve. The 
constant A is a physical attribute of the material, and its value has been deter- 
mined for a number of metals. 

4, We suggest that the theories of Kostarev? and Shiraiwa et al3 disagree 
with experiment in the region near the absorption edge because of the use of the 
semi-classical method for calculating the scattering phases and because of the 
use of perturbation theory. 

5. The first intense peak, the "4 maximum" of the fine structure, is inter- 
preted analogously to the shorter wavelength maxima. 

6) We have shown that the AH~1/a? law can be obtained from general short- 
range order theory. 

I desire to thank I.B.Borovskii and V.V.Shmidt for their valuable discussior 
and comments and T.Kupriyanova for her help with the calculations. 
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CONTRIBUTION TO THE THEORY OF THE TEMPERATURE DEPENDENCE OF THE FINE 


STRUCTURE OF X-RAY ABSORPTION SPECTRA 
- V.V.Shmidt 


It is known that when the absorber is heated the contrast of the short wave- 
length structure decreases, the structure "melts". 

A theoretical explanation of this phenomenon is given in the works of Kosta- 
rev!, He proposed the following explanation of the fine structure of x-ray ab- 
sorption spectra. The atom from which an electron is ejected in the absorption 
process is surrounded by neighboring atoms. These nearest neighbors give rise to 
a potential barrier for the ejected electron. In the region of positive energies 
(continuum) the solution of the Schrédinger equation with such a potential yields 
eigenfunctions, the amplitudes of which are non-monotonic functions of the elec- 
tron energy. This non-monotony is the direct reason for appearance of fine struc- 
ture in the short wavelength absorption spectrum. Thus, Kostarev's theory of fine 
structure is a short-range order theory. 

According to Kostarev, heating of the absorber causes "smearing out’ of the 
potential barrier and, therefore, by increasing its penetrability, reduces the 
contrast of the structure. The deductions from this theory are in satisfactory 
qualitative agreement with experiment. 

The ideas presented by Kozlenkov2 provided the basis for a new approach to 
the temperature dependence of the fine structure and led to results in a good 
quantitative agreement with experiment. 


Formulation of the Problem 


According to short-range order theories? »3, the appearance of fine structure 
on the short wavelength side of the absorption edge is the result of interference 
of electron waves originating at the center of the absorbing atom and scattered 
by its nearest neighbors. 

If all the atoms are in their equilibrium positions, the variable part of the 
K absorption coefficient in the region more than 15-20 ev to the high energy side 
of the absorption edge can be described by the formula” 


Ho = 2) N,A,sin (2Kr, + 2m), (1) 


where V; is the number of atoms in the s-th coordination sphere, 4A, is the ampli- 
tude at the point of the central atom of the wave scattered by an atom of the s-tk 
coordination sphere, A is the wave number of the electron ejected from the central 
atom, 7, is the radius of the s-th coordination sphere and 1 is the phase of the 
scattered wave. 

Now, let the atoms be in thermal motion. The characteristic time for an 
electron (the flight time over a distance of the order of magnitude of the radius 
of the first coordination sphere) is 1073-10-4 times shorter than the period of 
the thermal vibrations of the atoms. This means that an electron "senses" the 
given instantaneous distribution of the atoms and is scattered by it. 

We denote the instantaneous displacement of the central atom by xo (/) and the 
displacement of the i-th atom of the s-th sphere by x;,(¢). The distance 7;, between 
the displaced central atom and the is atom is x 


Tis =e + (eis, Xis — Xo), (2) 


where ej; is a unit vector directed from the equilibrium position of the central 


PANS 
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atom to the equilibrium position of the is atom. Equation (2) was deduced on 


, the assumption that 7z;, and vo<r,, i.e., the usual assumption that the thermal 


vibrations are small. 


Then, inserting (2) into (1), we obtain the following expression for the in- 
stantaneous value of the variable part of the absorption coefficient: 


u(t) = >, A, [sin B, cos (2Ke;,, xi, — xo) + cos B sin (2Ke:,, Xig — X0)], (3) 


where B, = 2Kr, + 2m1. 
Thus, essentially, the problem reduces to averaging uw (‘) in time. 


Calculation of the Time Average of \ (t) 
Let us expand the displacements x;, and xo’ into normal waves: 


mad) Saya hcos (M6 irl 7 be), 
= ec. x) x) 


Xj 


(4) 
Sc Ga ee > a-.cos (ws.?.+ 6..); 
BE pes) xj xj 
xj 
here rj; —e;,7,. The origin of the coordinate system is located at the equilibrium 
position of the central atom; the / = 1,2,3 are indices indicating one longitudin- 
al (1) and two transverse (2 and 3) waves. 


Let us consider the first term in (3): 


cos (2Ke;,, Xis — Xo) = Cos {2Kei., Dias, [cos (wot _ xr’, + 6. ) — cos (wt -- at A (5) 
Soe Mx x xj xj jae) 


xj 


Using the formula for the difference of cosines, Eq.(5) can be reduced to 


cos (2Ke;,, Xis — Xo) = Cos (dy sin @) ; (6) 

Here we have introduced the following notation ss 
y = 2Kr, (axes) (Hes), (7) 
~ = ost — ur?,/2 + b>. (8) 


In addition, in deducing Eq. (6) it was assumed that the behavior of the system is 
in accord with Debye's theory of thermal vibrations. Therefore only long waves 


are considered, i.e., xr/, <1. 
The instantaneous value of the variable part of the absorption coefficient 


can now be written in the form: 
(i) = DAs {sin B= [exp (dy sip ) + exp (— i Dy sin °)| ae 


xj x) 
4 i , 
+ cos Bo, [exp (‘dy sin ®) — exp (— i Dy sin »)|} ; (9) 
xj xj 
The problem is to find the time average of (9), (i.e., the average over 9). 
Let us examine the first term 


exp (i dy sin p) = [[e¥s"° (10) 
xj 


xj 
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The phases §. of the normal waves which enter the expression for @ are entirely 
xj 


independent. Therefore, the average of the product should equal the product of | 
the averages of the cofactors. Hence the problem reduces to finding the average 


of 
<eiv sin oy = = \ evsinedp = Jo (Y), 


where J, is a Bessel function. 
Thus, the time average of (10) is 


< exp (oy sin @)> = || Joy). (12) 
rs Ki 


Let us evaluate y, using (7). For the far short wavelength features of the 
fine structure 2K ~12A-1, xr, ~0.1 (the condition that we consider only the long 
waves of the lattice vibrations) , and the amplitude a cannot exceed the root 


mean square displacement of the atoms of the lattice which, for high temperatures, 
is of the order of 0.3 A. Therefore , y ~ 0.5. This enables us to use the power 
series expansion of the Bessel function: 


Joly) = 1 — yV/4 +y/64 —... (13) 


This series is closely approximated by the function exp (—7’*/4); therefore (12) be- 
comes: 


C exp idy sin 9)> = exp |e r? (Cis a» i (e:%)?| : (14) 
xj “) 
Since J» (y) is an even function of 1, we obtain the following equality: 
ys : : : : 
exp (iD vsin g)> = Coxp (— 1 Sy sin g)>. as) 
xj ee 


This means that as a result of averaging, the second term in (9) vanishes 
and the mean value of the variable part of the absorption coefficient becomes 


ms DAs sin B, exp ie >) K?r? (e;, as 2 (e:.%)?| ‘ (16) 
si >. *J 


*) 


Determination of the Temperature Dependence of the Variable Part 
of the Absorption Coefficient 


Replacing in (16) summation over x by integration in x-space » we obtain 


3 
eisa— )? eX <= ls } Ps 

a Az)” (eet) = aad | (Cia)? (esx) *d?x, QD 

x j= 

where V is the volume of the body. Taking the direction of e;, as the direction 

of the x, axis and transforming to spherical coordinates, we obtain 


d®% =2nx? sin 0 dd dx, 


where tis the angle between the vectors e;, and x. 


Separating out from (17) the term which corresponds to the longitudinal 
waves (a> || “), and integrating over 0, we obtain 


PN Nt eet 


aa , 
hy 5 (Qn? \ a,qHdH. (18) 
0 
The amplitude of a normal wave is expressed i 
formula p n terms of its energy by the 
E 
Sees 2. ¢ 

pe mN * 


; (19) 


where mis the mass of an atom, V is the number of atoms in the solid and £. is 


the energy of the normal wave, given by y: 
a. { 
see = (n-, ais 7) hos. : SoM) 


%j 
Here nn. is the number of phonons in the state (x)), which is determined by the 


x) 


Bose-Einstein distribution 


he /kT 
= «ij ” 
Bap elooub renljid (21) 
Using (19), (20) and (21), we integrate (18) and obtain 
14 VV ktge { 
oe (21)? hm Nos |F (2/8) +r ae 
F (T/8) = (eT — 1y2? 4. - tp (7/8), (22) 


0/T 
T \3 erat 
T}ey= 18 (2 i= 
fp (7/8) = 3(—) \ Gon dx 

Here §6= hw, is the Debye temperature, v is the propagation velocity of elastic 
waves, /p is Debye's specific heat function, a plot of which will be found in Ref. 
5. Eq.(18) was integrated on the assumption, as in Debye's theory, of a linear 
dispersion law, i.e., Lescol The calculations were carried out on the assump- 


tion that the velocities of the longitudinal waves v1 and of the transverse waves 
ve are equal to the average propagation velocity v of elastic waves. 
Now let us determine the term /: in (17), which corresponds to the first 
transverse wave. Let the vector a-.. be normal to x and lie in the plane of the 
x2 
vectors e;, and x. Then, it can readily be shown that 


2 V k494 


’ { 
Ts = 75° Gm’ WmNoF | F (1/8) + ale (23) 


The term J; which corresponds to the second transverse wave, vanishes, since 
the vector a. is always perpendicular to e;; and (eis) = 0. 
x3 
The maximum wave number ~,, is given, as is known, by the equation 


V 4 


Therefore v = Wm/%m can be written in the form 


Das 0 V4n/3, (25) 
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where vo =V/N is the volume per atom. 
Now we can rewrite (17) in the form 


Vp rey Wee Le re 
D (esa)? (e:s%)? = 1.7 6 0 = : 


5 
*) 


Thus the final expression for the variable part of the absorption coefficient 
becomes (Ref.16): 


(26) 


*/s 
mv, 


= f pr kere 17\ (27) 
te j | was F (T/0 hip 
= DAN, sin B, Ey At oa (7/6) + || 
Discussion 


1. First, we note that at 7= 0, when /(0)= 0, the 
exponent is not zero due to the term 1/2 in the brackets 
This term appears because the zero-point vibrations of 
the lattice have been taken into account. The decrease 
of contrast due to the zero-point vibrations is by no 
means small. They have a particularly strong suppress- 
ing effect on the far short wavelength extrema. Thus 


Seer CE the height of the D peak in the Cu K absorption spec- 
trum (located 147 ev from the absorption edge) at 0° 
Fig.1 is only 63% the height it would have if the atoms in the 


lattice were completely at rest. This example shows 
that whereas the theory” of fine structure is based on 
He the assumption that the atoms are at rest, in comparison 
mG of the calculated peak intensities with experiment, one 
must take into account both the zero-point vibrations 
of the lattice and the thermal vibrations of the atoms. 
Ni 2. Equation (27) describes the well known experi- 
mental fact that with rise of temperature the far short 
wavelength peaks of the fine structure disappear before 
the peaks nearer the edge. Indeed, the K2 term in (27) 
considerably strengthens the temperature dependence of 
the peak height. 
3. The hyperfine structure, which is due to the 
Fig.2 scattering of the electron waves from outer coordination 
Ly spheres, must vanish sooner than the fine structure 
40 caused by scattering from the first coordination sphere.. 
This too is confirmed by experiment. 
4. Finally, it is interesting to carry out a direct 
comparison of the deductions from theory with experiment 
Trapeznikov & Nemnonov® measured the ratios of the 
peak heights up/u, for Fe and pz/c for Ni. These data 
are indicated by the open circles in Figs.1 & 2. We 
measured the height of the peak A for Fe at different 
temperatures; the results are shown in Fig.3. The solic 
Fig.3 .— curves in all the figures were calculated using Eq. (27). 
It will be evident from Fig.3 that above 700°C the 
experimental and theoretical data diverge sharply. This indicates that at this 
temperature the thermal vibrations become highly anharmonic and therefore are no 
longer described by the Debye-Born theory of elastic vibrations. 
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Summarizing, we may conclude that the proposed theory yields satisfactory 


, agreement with experiment. 


I am deeply grateful to I.B.Borovskii and A.I.Kozlenkov for discussions and 
valuable suggestions. 
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INFLUENCE OF TUNGSTEN IMPURITIES ON THE TEMPERATURE DEPENDENCE OF THE 
FINE STRUCTURE OF THE K ABSORPTION SPECTRUM OF IRON 


te 


- I.B.Borovskii & V.V.Shmidt 


An earlier study+ of the influence of minor admix- 
tures of Sn and Tl on the temperature dependence of the 
fine structure of the Lyzyz absorption spectrum of Pb 
showed that at some optimum impurity concentrations the 


Fig.2. 
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shown in Fig.2. 


temperature at which the fine structure disappears in- 


creases. 
"stabilize the fine structure. 


In other words, these impurities tend to 


In addition, we have studied the influence of 


minor amounts of W on different physical properties of 
Fe: the self-diffusion coefficient2, the coefficient 

of linear expansion?, the elastic constants and intern- 
al friction coefficient*, the optical constants” and 


the temperature coefficient of electric resistance’ 
In all these experiments we found that at a W con- 
tent of 0.05-0.1 atomic percent there appears a 
maximum or minimum in the "property vs concentra- 
tion" curve. 

In connection with the above, we felt it woul 
be of interest to study the temperature dependence 
of the fine structure of the x-ray absorption spec 
trum of iron in alloys with a low W content. 

We used the alloys that had been employed in 
the experiments mentioned above. 

The study was carried out on a double-crystal 
spectrometer by the procedure described in Ref.7. 
The absorber-foil was heated in a high vacuum 
(1075 mm Hg) by passing an electric current throug. 
it. 

To study the temperature dependence of the 
fine structure we measured the magnitude of td (th 
product of the linear absorption coefficient by th 
absorber thickness) at the points E = 18 ev (t,d) 
and E = 23 ev (t.d) in the range from 20 to 950° C 
(the energies E were reckoned from the absorption 
edge to the short wavelength side). 

The ratio w= (t,d — 1,d)/t.d, obviously, does 
not depend on absorber thickness and characterizes 
the height of peak A (Fig.1). The temperature de- 
pendence of ui for all the investigated alloys is 


The value of the derivative du,/d7 can serve as a characteristic of the rate 


of "melting" (effacement) of the fine structure. 
means of graphic differentiation at the t = 20°C points of the curves shown in 


These curves were first approximated by polynomials by means of the method! 
of least squares. 


This quantity was determined by 


The concentration dependence of du,/d7 is shown in Fig.3, where the concentrai 
tion dependence of the self-diffusion coefficient obtained in Ref.2 is also given 


for the purpose of comparison. 


| 
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We now turn to a discussion of the results. Shmidt® deduced the following 


formula for the temperature dependence of the intensity of the short wavelength 
fine structure peaks: 


=a NeAgsin (2Kr, + 2n)exp | ees a F(Z) +4] (1) 
2 u mv, 8 y 


P(P)met 44 Dp?) 


here V, is the number of atoms in the s-th coordination 
de » sphere; 4, is the scattering amplitude of the electron 
at’? wave by the atoms of the s-th coordination sphere at the 
point of the absorbing atom; 11 is the scattering phase; 
kis the wave number of the electron; 7; is the radius 
of the s-th coordination sphere; kis the Boltzmann con- 
stant; mis the atomic mass; @ is the Debye temperature; 
vo is the volume per atom; /, is Debye's specific heat 
function. 

We assume that peak A in the fine structure of the 
iron spectrum is due mainly to scattering of electron 
waves by atoms of the first coordination sphere. Then 
instead of Eq.(1), we can use the simpler formula: 


0 02 04 O06 O8 té 
Cwe at, Vo 


See bee, aa 1 
Fig.3 b= Hoexp { alee : iGk Z|} (2) 


a/ 
73 
mv, 


The @ dependence of du/dT is rather complicated. It follows from analysis of 
this quantity at T = 300°K that du,/dT decreases with increasing 9 at least more 
rapidly than @-2, 

Consequently, among the investigated specimens those containing 0.05-0.1 and 
0.24 atomic percent W have the maximum and minimum Debye temperature, respectively. 

The impurity concentration dependence of du,/d7 is identical with the corre- 
sponding dependence of the self-diffusion coefficient D. 

The present results can be interpreted in terms of the theory of the influence 
of impurities on the spectrum of thermal vibrations of the crystal lattice of 
transition elements. 9 


"A.A.Baikov'" Metallurgical Institute, 
Academy of Sciences of the USSR 
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INFLUENCE OF THE CHEMICAL BOND ON THE ENERGY AND INTENSITY OF THE 


X-RAY LINES OF ATOMS IN COMPOUNDS 
- A.T.Shubaev 


Formation of chemical bonds and changes in their character are accompanied 
by redistribution of the valence electrons in states and in particular by redis- 
tribution of the electrons between atoms. Inasmuch as valence electrons contri- 
bute to the electron density in the inner as well as outer regions of an atom, 
any such redistribution will affect the height and relative location of the atomi 
energy levels. Karal'nik1-3 called attention to this fact in a number of papers. 
Thus, incident to removal of an outer electron from a free atom, for example, or 
"withdrawal" of valence electrons to a neighboring atom in a compound, the elec- 
tron density in the region of the given atom decreases. As a result, incident to 
ionization of any shell or transitions between shells the electrons will move in 
a stronger field, which leads to increase of the ionization potential and the ene 
gy of the emitted photons, i.e., to a rise of all the energy levels and a short 
wavelength shift of the lines in the x-ray spectrum of the atom. In the case of 
the formation of negative ions analogous changes will occur, but in the opposite 
direction. It is quite clear that the character of atomic interaction will also 
have a substantial and, often, decisive effect on the position of the last lines 
in the x-ray spectra of atoms in compounds. For example, in going from a metal 
to a compound, exchange interaction increases sharply owing to localization of 
the valence electrons in a few preferential directions. This means that the ener 
gy of the valence band is reduced and the last line is shifted to the long wave- 
length side, even in the case of increase of the field throughout the region of 
the aton. 

As far as the principal x-ray lines are concerned, save for a few special 
exceptions, their shifts are determined solely by changes in the density of the 
valence electrons in the inner regions of the atom. When it is feasible to mea- 
sure them, these shifts may yield information on the distribution of valence elec 
trons between atoms bound in compounds. In the present work we estimated the 
shifts of atomic levels for some types of redistribution of valence electrons. 


Level Shifts Incident to Ionization of Free Atoms 


By way of example let us consider the change in level energies and in the 
position of the lines of the K series incident to removal of one valence electron 
from the calcium atom. The starting-point of our calculations was the Schrédinge 
equation in the usual form employed in using the Hartree self-consistent field: 


@P, 1 (r) tee Z—s 
ern perked Cares S +2 = Pat = en ae TE se 


r 


here P,,; (7) = rWV,,, (7), where V,,; (7) is the radial wave fun 
n, ; ; n, ction of ele 
the state with quantum numbers 7 and Le it ee 


Sy (Pes >, DY veal \ 


Tieik 0 


N,,, is the number of electrons in the 7, / state without taking into account the 


r 


dr, 


Sil ce) 
r2 


electron whose energy is being investigated; o,,;(r \P; 
n, = n r) d F y 
ile Veleenerey|takentaithenprca: sein > On,1 (7) (7) dr, and e,, is the 


As follows from Eq.(1), the chan 
° ge in level energy for some red 
of electrons is given by the following relation: ri > nn 
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Aen) = A eel es Le my AP nL) dr 
; 
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3 26! Rec 
+2{ Be) dr —2\ Bae ers (2) 
0 0 
where A denotes the change of the function, corres 


nding to th pa 
bution of electrons. po: g to the given redistri 


For our calculations we used the wave functions of Ca and 
Ca* deduced in the work of Hartree4, Table 1 


Table 1 gives the results of calculating level shifts 
(Ac) and line shifts (AE) for the Ca~Cat transi- 
t ° 
Level Ae, RY Line AE, eV 7on 


As can be seen, the levels are shifted by 
several electronvolts. The shift of the KQ line 


K -++0,497 Ky 0,03 is insignificant (the accuracy of experimental 
_ a Ke, | +0,15 determination of the position of lines in the K 
M +-0, 485 Kz, | -+0,62 series of Ca is of the order 0.1 ev). The shift 
N +0, 440 Ky +0,62. of the lin - 
O 1.07986 Kk 19°09 KB e can already be detected experi 


mentally. The position of the K, and Kg absorp- 
tion lines (transitions from the K level to the 
4p and 5p levels) and their separation change 
especially sharply, i.e., the absorption spectrum 
is particularly sensitive to a change in the 
charge of the atom. Analogous level and line 
shifts will be observed in going from metallic 
calcium and other elements to the corresponding 
oxides inasmuch as this is accompanied by "with- 
drawal" of the valence electron cloud from the 
metal atom to the oxygen atom. The magnitudes of 
these shifts are different, however, inasmuch as 
the contribution of the valence electrons to the 
electron density in the inner regions of an atom 


Na 
2 
| 
35 Z. rc 
pe in a metal and of a free atom differs. 
4S 
Fe 
Change in the Contribution of Electrons 
to the Electron Density in Going to a Metal 
1 
Fig.1 depicts the distribution in density of 
7 ry ; valence electrons p,)(7) = P;,,(r) in a free atom 
/ 2 Z 4 Tr 
a /\ 
1 
if i J 4 or 


and between neighboring atoms in the metallic 
state for sodium and iron, according to the data 
of Wigner® and Seitz® and Nikiforov®»?, As may 
be seen, in going from the free atom to the metal 
the density of the cloud of outer valence elec- 
trons in the inner region of the atom increases by 
a factor of 2 or 3. If inner electrons partici- 
pate in the chemical bonding (for example, the d 
electrons of iron), the cloud of these electrons 
is "drawn out" in the direction of the neighbor- 
ing atom and the density of this cloud in the in- 
Fig.l. Distribution in density ner regions is somewhat diminished. The ratio of 
of valence electrons in free electron densities o,,,; in an atom bound in a metal 
atoms (1) and between neighbor- and in a free atom is determined by the conditions 
ing atoms in a metal (2). of normalization of the wave function of the val- 


0 
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ence electrons in the volume of the 
atomic polyhedron in the metal and, 
consequently, depends on the relation 
between the dimensions of the valence 
shell of the free atom and the inter- 
atomic separations in the metal. We 
note that the indicated ratio of elec 
tron densities is constant in the re- 
gion r<0.8r,, where 7, is the radius 
corresponding to the maximum of the 
Pn,. function for the valence electron 
of the free atom. 

Fig.2 shows the 7,,/r,., dependence 
of the logarithm of the ratio of the 
Pn. functions of an atom in a metal 
and of a free atom for the different 
Fig.2. Variation of the logarithm of the types of valence electrons in differ- 
ratio of the density of valence electrons ent atoms. Here 7, is the covalent 
in an atom in the metal and in the free radius (half the distance between 

atom as a function of 7,,/r<, neighboring atoms in the metal). 
Potentialization of the linear depend 


ence shown in Fig.2 yields the relation 


Pn,t(7)met 
Pn, 1 ()at 


(3) 


valid for 7<0,87r,,. 

This semiempirical relation allows of approximate evaluation of the contri- 
bution of valence electrons to the electron density in the inner regions of an 
atom in a metal on the basis of the wave functions of the free atom. 


Influence of the Type of Chemical Bond on the Position of Lines for the 
Elements from Sodium to Chlorine 


Using relations (2) 

and (3) and the wave func 
Table 2 Table 3 tions from Refs.8-1l, we 
calculated the shifts of 


ae the KQ lines incident to 
Nese EK x AEK, SANs Ad, A ye LM 
nBn B Compound, By withdrawal of one elec- 
tron from atoms of Na, Si 
nee 40,09 | —0,16 Co.03 —0,10 0,05 and Cl in the solid state 
Mes sla eria eee FeO —0,08 | +0,25 The calculated values of 
Mgsi | +0/05 | —0/15 FeaGy ea Denuh? mug-t 0.02 
a oe ane. MnO; —0,28 -++0,03 for Na, 0.36 ev for Si an 
SiC 10799 i KMnOg +0,24 —0,29 a) 
sic ie Cra0e o'ot | 0710 -31 ev for Cl. These 
Bee fo’s9 KsCrO. +0,35 —0,31 shifts amount to some 
NaSif, | --0,87 | ve at Bhi tenths of an electronvolt 
TiO, 40,12 —0'09 and, inasmuch as the ac- 


curacy of experimental 
determination of the K 
series lines of these ele 
ments lies within 0.01-0.. 


| 
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ev, the shifts can be measured with adequate precision. A number of students 

, have in fact detected various shifts of the KQ lines of the elements from Na to 
Cl in going from some of their compounds to others. In Table 2 we list the shifts 

of the KO lines (in ev) in going from the pure elements (A and B) to compounds for 

a number of binary compounds, according to the data of Johnson!2, 

The causes of these shifts were not clear. It follows from the present work 
that these shifts are proportional to the changes in density of valence electrons 
inside the L shell; in other words, they can serve as a measure of the redistribu- 
tion of valence electrons between the atoms in a compound. It will be evident 
from the cited data that for "donor" atoms the KQ line is shifted to the short 
wavelength side, and the greater the electronegativity of the second component, 


the more appreciable the shift. For "acceptor" atoms, the corresponding changes 
have the opposite sign. 


Causes of Shifts of the Principal Lines of Transition Elements 


Besides being influenced by the redistribution of electrons between atoms, 
the position of the principal lines of transition elements is substantially af- 
fected by the marked changes in interatomic separations that take place in going 
from one compound to another. As a rule, with increasing valence of the transi- 
tion metal these separations diminish, the atomic volume decreases and the density 
of valence electrons at all points in this volume increases. As a result, there 
appear long wavelnegth shifts of the principal x-ray lines. In Table 3 we list 
the pertinent data of Sannerl3, it follows from these data that the sign of the 
shift of the KB; line in the majority of cases is determined by the sign of the 
deviation Ad “of the interatomic separation in the compound from the sum of the 
covalent radii. In addition, as Wood!4 and Prattl4 have shown, the position of 
the levels of transition elements and, consequently, the lines of the x-ray spec- 


trum are substantially influenced by the presence of or a change in spin of the 
atom. 


Influence of the Type of Chemical Bond on the Intensity of the Last Lines 


The integral intensity of the last line of the x-ray spectrum is given by 
co 
i o\ N (E)W (E)dE, (4) 
0 
where JV(/) is the distribution in energy of the electrons in the valence band, / 
and W/(E) is the probability for an electron transition to an inner level of the 
atom. If the last line of the K series is being considered, the transition proba- 
bility 


co 2 
W (E)oo | | Prs(r)rPv(r, E) dr], (5) 
0 


where P,,(r) and P,(r,£) are the wave functions of the 1s level and the valence 
band, respectively. 7 
PAB follows from the results of a number of authors” hi, the form of the wave 
function of valence electrons in the inner regions of atoms does not change even 
for sharp changes in the type of chemical bond, so that the function P,(7,/) can 
be written in the form 
Py(r, E) = A(E) f(r), 
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is a coefficient that depends on the character of the chemical bond 
and the energy distribution of the electrons in the valence band, while f(r) is a 
function that does not depend on the type of bond. Inasmuch as in Eq.(5) the 
variation of function P,(7, E) is significant only in the region of 7 where Px,() 


differs appreciably from zero, we can write 


where A(£) 


W(E)~ A2(E) and I\ (Bz) A2(B)dE. 


go} 


On the other hand, the electron density due to the valence electrons inside 
the 1s shell equals 


co TE fore) 
Pyas=\ N(E)dE\ P27, B)dr co\ N (A) A? (E) dE, 
0 


0 0 


where 7,, is the radius corresponding to the maximum of P,,(r). Thus I~pyas, 1.€0, 

the integral intensity of the last line in the x-ray spectrum of atoms bound in 

chemical compounds is proportional to the electron density attributable to the 
valence electrons in the region of 


Table 4 the K shell.* 
As we have already noted above, 


Ks} 8 se} 7 7 se: the density of valence electrons in 
: S A ss d s the inner regions of an atom varies 
Sy =e ey ge 3 i with changes in the type of chemical 
5 os S) . 3 = bond; consequently, the integral in- 
tensity of the last line must also 
KCl Oehal CuSe 0,074 || MoSe 0,099 change by a corresponding amount. In 
EO tel bang mova eee ant. pee view of the absence in the literature 
Fes 0.105 Ba(BrOs)2 0,138 || CaSO, 0,064 of data on the influence of the type 
FeS, 0,090 of chemical bond on the intensity of 
| the last lines, the present author, 


in order to check the validity of the 

concepts set forth above, undertook to obtain such data for some compounds. The 
measurements were carried out on DRUS and KPFS spectrographs. Specifically, there 
were determined the relative intensities Tx, , of Cl and S ions and Ix, Ix, of 
Se and Br ions in compounds differing markedly as regards the character of the 
chemical bands. Table 4 gives the results (the uncertainty in all cases is +0.005) 

It will be evident that the intensity of the last line is highly sensitive to 
the character of the chemical bonds. 


Rostov-on-the-Don State University 
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INVESTIGATION OF THE K ABSORPTION SPECTRA OF CALCIUM IN SOME COMPOUNDS 


] 10 20 20 40 E,eV 


K absorption spectra 
of Ca in compounds. 


- A.T.Shuvaev & V.F. Demekhin 


We investigated the K absorption spectra of 
calcium in a number of its compounds by means of 
a DRS vacuum x-ray spectrograph. The analyzer 
was a quartz crystal with reflection from the 
(1010) planes, bent to a radius of 500 mm. The 
x-ray tube was operated at a potential of 7 kv 
(i = 30 ma). The exposure time was 3-4 hours in 
recording the spectra of Ca0, CaFo and Ca(OH)» 
and 7-8 hours in recording the spectrum of CaTi03. 
The resolution of the instrument in the region of 
the K spectrum of Ca is 10 000. The spectrograms 
were scanned on an MF-4 microdensitometer. After 
conversion of blackenings to intensities and aver- 
aging over 3-4 spectrograms we obtained the log I 
vs photon energy curves reproduced in the accom- 
panying figure. 

The purpose of the present work was to in- 
vestigate the influence of the charge of the Ca 
ion in compounds on its absorption spectrum and 
to determine the charge of the Ca ion in CaTi0g. 
This dictated the choice of compounds: the elec- 
tronegativity of the second component in the 


series Ca0, Ca(0H)9 and CaF5 increases; consequently, so does the charge of the 


Ca ion. 


As will be evident from the figure, the position of the principal absorption 
peaks in this series of compounds shifts to the short wavelength side. This is in 
agreement with the deductions drawn in Ref.1 regarding the influence of ionic 
charge on the position of absorption lines. The structure beyond the principal 
absorption peak does not exhibit any direct relation to the ionic charge and is, 
apparently, determined by the type of lattice. 

The principal peak of CaTi03 is displaced to the long wavelength side relative 
to the peaks of the other investigated compounds; consequently, the charge of the 
Ca ion in this compound must be even smaller than in CaO. For rough evaluation of 
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the ionic charge in CaTi03 one can use the values of the charge of the Ca ion in 
CaO and CaFo, determined according to Pauling, assuming linear variation of the 
position of the principal absorption peak as a function of the ionic charge. 
Using this procedure we obtained a value of 1.0 for the charge of the Ca ion in 
CaTi03 (the charge values taken for CaO and CaFo were 1.1 and 1.4 respectively). 

The more precise procedure for determining the ionic charge from absorption 
spectra, developed by Barinskii & Nadzhakov2, could not be used in the given case 
owing to the great complexity of the spectra, which is presumably due to surposi- 
tion of the spectrum of the excited states and the spectrum due to transitions 
to levels of the lattice. 

In the long wavelength region of the investigated absorption spectra there 
appear a number of weak peaks, the position of which is the same in all the com- 
pounds, within the limits of the measurement error. In addition, in the spectrum 
of CaTi03 there is clearly evinced an absorption peak which is commonly associatec 
with the presence of unoccupied states in the 3d band. It must be noted, however, 
that this peak does not appear in the spectra of the other compounds, although one 
can scarcely assume that the 3d bands in these compounds are completely filled. 
This would indicate that the presence or absence of this absorption peak is only 
indirectly related with filling of the 3d band. 
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INVESTIGATION OF THE BINDING FORCES IN Ni-Mo SOLID SOLUTIONS BY OBSERVING 


THE FINE STRUCTURE OF THE ABSORPTION SPECTRA 


- V.A. Trapeznikov 


Information on the variation of the binding forces in solid solutions can 
be obtained by observing the fluctuations of the fine structure of their absorp- 
tion spectra. This was demonstrated on the basis of the theory of Kostarev! »2 
in the experimental study of Ref.3 and by calculations?»5 in two variants. Both 
variants of the calculations show that the binding forces increase or decrease 
with increase or decrease of the ratio DOx/Dx, where Dx is the amplitude of the 
short wavelength fluctuation and x, is the amplitude of the long wavelength fluc- 
tuation (K"> kK’). Variation of ©,./O, in the treatment of Ref.4 occurs owing to 
change of the characteristic temperature 8, while in Ref.5 it is assumed to occur 
owing to variation of the mean radial electron density with changes in the ampli- 
tude of the thermal vibrations of the atoms in the lattice. 

It must be noted that now the inferences we arrived at in Refs.3 & 4 regard- 
ing the variation of the binding forces in a given specimen with variation of the 
temperature T of the experiment owing to decrease of @ with increase of T do not 
seem convincing, as was noted in formulating the problem in Ref.5. Only the nega- 
tive aspects of the arguments set forth in Ref.4 now seems pertinent, namely, our 
proof of the inapplicability of the temperature variant of Kostarev's theory to 
the entire temperature range, inasmuch as taking into account the temperature co- 
efficient S, proposed by Kostarev, yields a temperature dependence of D,x-/Dx of 
opposite sign to that observed experimentally. In positive agreement as regards 
the temperature variant are the deductions of Ref.5 and the results of the recent 
work of Shmidt®, carried out on the basis of the work of Kozlenkov’, who developed 
the theory of the fine structure of absorption spectra from the standpoint of the 
determining influence of short range order on the structure. 

In the present work there were obtained experimental data on the ratio of the 
amplitudes of the fluctuations in the K edge of nickel in Ni-Mo solid solutions 
with molybdenum concentrations of 0, 0.5, 1, 2, 4, 5 and 16% by weight. Speci- 
fically, we measured the ratio of the fifth fluctuation E to the third fluctuation 
C at room temperature (see figure). The experimental procedure and method of cal- 

culation were the same 

Ble D~ 0 as in work in Ref.3. 

# 2: tein Baek aes jan wat ee sTherzobtainedavaluessor 
Zo Mo | Pz/P¢ the ratio @,/@®, for 
different concentra- 


0) 4,36+0,03 4 1,63-40, 06 

0,5 1.39-0,07 8 160-£0,04 tions are listed in 

1 1,41+410,03 16 1,63+0,08 the accompanying table. 
2 1,56+-0,03 It will be evident 


from the tabulated data 
that the @,/®, = f(c) curve rises up to 4% Mo and then 
levels off. The rise of the curve corresponds to the 
first concentration case in Ref.4, i.e., indicates in- 
d {Px 
crease of 9 (4 (58 
responds to decrease in the amplitude of the thermal vi- 
brations, i.e., alloying of the nickel by molybdenum in- 
creases the binding forces. This increase of the binding 
* forces continues with increase of the Mo concentration 
K absorption edge up to 4%; the forces then remain constant within the lin- 


ze) >0 )s or, according to Ref.5, cor- 


of nickel. its of the experimental error up to the limiting solubility. 
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The fact that the binding forces remain constant in a certain region of soli 
solutions is not new; thus, for example, Badaeva® showed experimentally that many 
solid solutions have the same heat of formation as the following intermetallic 
compounds. , 

The increase of the binding forces in Ni-Mo solid solutions agrees with the 
experimental data obtained by other methods?2~11, But the latest data on the 
strength characteristics, and in particular on the heat resistance, show a mono- 
tonic increase in strength up to the solubility limit. This disagreement between 
the data on the binding forces and on the strength characteristics for the region 
above 4% Mo can be explained if it is assumed that the increase in the strength 
of the material depends on two factors, namely, the binding forces and structural 
factors. The results of our x-ray spectroscopic investigation of Ni-Mo solid 
solutions, which show increase of the binding forces only up to 4% Mo, indicate 
that in these solutions the role of binding forces is limited and that the domin- 
ant role is played by structural factors. 

Analogous investigations of the binding forces in iron-molybdenum solid solu 
tions? indicate that in this case "saturation of the binding forces occurs at 2% 
Mo, whereas the limiting solubility of Mo in iron is 6%. On the other hand, for 
a number of solid solutions, as for the Ni-Mo system, it has been demonstrated9-1 
that the strength characteristics increase up to the solubility limit. From this 
it may be concluded that within the range of a given solution the role of binding 
forces in the general increase in strength is limited or overshadowed by structur 
al factors. 

Nevertheless, binding forces should play a decisive role in the initial 
choice of the base for the alloy; further improvement of the characteristics, in- 
cluding heat resistance, through alloying is then determined by structural factor 
and such factors as the size of the grains and blocks, the state of their bounda- 
ries, the degree of imperfection of the crystal lattice, the number and density o 
dislocations, the presence of impurities on grain boundaries, etc. (see, for ex- 
ample, Ref.12). Thus, we believe that the best way to obtain a material with hig 
heat resistance is, first, careful choice of a suitable base with strong binding 
forces and a potential for utilization of the structural factors, and then im- 
provement of this base by varying the different structural factors through alloy- 
ing and heat treatment. 

In earlier discussions of the x-ray spectroscopic data on the fine structure 
of absorption spectra we did not take into account the possible influence of loca 
concentrational inhomogeneities in the solid solution on the attenuation of the 
fluctuations. The possibility of local distribution of molybdenum in Ni-Mo solid 
solutions owing to formation of the K state has been noted by Polotskii & Benieva 
In the work of Ref.14 we pointed out that concentrational inhomogeneity may reduc 
the contrast of the spectrum, but we did not consider to what extent this decreas 
in contrast can affect the different fluctuations (intensities of the fine struc- 
ture peaks). The influence of concentrational inhomogeneity as regards nonunifor 
attenuation of the fine structure will be evinced in the position of the fluctua- 
tions for the "local" edge and for the edge due to the main part of the solution; 
these edges do not in general coincide. Nonuniform decrease in the contrast for 
different fluctuations with alloying may be due to the dependence of the attenua- 
tion on two factors, namely, on the binding forces and nonuniform distribution of 
the alloying element. Hence in further investigations in this field one must bea 
in mind the possible influence of local concentrational inhomogeneities on the 
ratio of amplitudes of fluctuations of the fine structure. 


Institute of the Physics of Metals, 
Academy of Sciences of the USSR 
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X-RAY SPECTROSCOPIC INVESTIGATION OF INTERMETALLIC COMPOUNDS IN THE Cu-Zn SYSTEM 
- V.A.Batyrev 


It has been shown in a number of studies!»? that the fine structure in the 
x-ray absorption spectra of different intermetallic compounds differs markedly 
from the structure in the spectra of the pure constituent metals. Most of the 
earlier investigations, however, were carried out on compounds of different clas- 
ses with different properties and in some cases with inadequately known crystal 
structure. 

The purpose of the present work was to investigate the fine structure of the 
K absorption spectra of copper and zinc in the Cu-Zn system. Our choice of this 
system was dictated by the fact that these classic electronic compounds have been 
thoroughly studied as regards both their physical properties and their crystal 
structure. The latter has been successfully explained in the framework of the 
band model. Konobeewski3 and Jons* established the relation between the Hume- 
Rothery electron concentration rules®> and the filling of the Brillouin zones. 

We investigated the K absorption edges of copper and zinc in the B-phase 
(CuZn; electron concentration 1.5), the y-phase (CusZng; electron concentration 
1.62) and the €-phase (CuZn3; electron concentration 1.75). The B-phase has a 
body-centered cubic lattice of the CsCl type; the y-phase has a complex cubic 
structure with 52 atoms per unit cell; the €-phase is characterized by a close 
packed hexagonal structure similar to that of pure zinc. 


pe 


? 
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Fig.1 shows the K absorption edges of pure copper and copper in the enumer- 
ated compounds. The spectra were recorded by the ionization procedure (at least 
25 000 pulses were recorded at each point) on an RSDI spectrometer® in the first 
order of reflection from the (1340) plane of a quartz crystal. The resolution 
was ~5000 as determined with reference to the Zn KQ,-KQlp doublet. | 

The K absorption edges of pure zinc and zinc in the investigated alloys are 
shown in Fig.2. These spectra were recorded on a double crystal spectrometer wit! 
@ resolution of ~10 000. At least 15 000 pulses were recorded at each point. Thi 
absorbers (specimens) were in powder forn. ’ 

As will be evident from Fig.1, the K absorption edges of copper in the B- 
Y-, and €=-phases differ substantially from the K edge of pure copper The axee 
long wavelength structure is increasingly smeared out with rise of ‘he Zn concen 
tration. The position of the point of inflection (point L), which is usually 


’ 
’ 
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associated with the location of the Fermi surface, remains constant within the 
dimits of the experimental error (0.2-0.3 ev). The short wavelength peak A also 
changes little in position; it remains at a distance of 15-17 ev from the inflec- 
tion point. 

In contrast, the shape of the K edges of zinc changes little. A minor change 
in shape is observed only for the B-phase. The position of the inflection point 
L remains virtually constant within the limits of the experimental error (0.3-0.5 
ev). The short wavelength peak A remains virtually fixed at a distance of 10-12 
ev from the inflection point. 

If we assume that the shape of the absorption spectrum characterizes the den- 
sity distribution of unfilled states, the main absorption edges of copper and zinc 
in the same alloy should be similar, inasmuch as these spectra yield information 
on the shape of the same bands belonging to the same alloy. Some differences 
should be observed only in the separation of the individual fluctuations (fine 
structure peaks). 

Fig.3 gives a comparison of the K absorption edges of copper and zinc in the 
B-phase. These curves have been plotted to the same scale with the inflection 
points aligned. The difference between the two spectra cannot be explained by 
different degrees of resolution. One can justifiably speak of similarity of the 
curves only in the vicinity of the inflection point, i.e., in a range of 3-5 ev 
from point L. For the y- and €-phases the difference between the edge curves for 
copper and zinc in the same alloy is even more substantial. This indicates that 
attempts’ to interpret the fine structure of the main absorption edge only in 
terms of the distribution in density of states is unjustified. One must take in- 
to account a second factor, namely, the transition probability. However, in order 
to take this factor into account it is not enough to know only the main absorption 
edge; one must also thoroughly study the short wavelength fine structure. 


I desire to express my gratitude to I.B.Borovskii for valuable suggestions and 
helpful discussion. 
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INFLUENCE OF THERMAL VIBRATIONS OF ATOMS ON THE PROCESS OF "MELTING'' OF THE FINE 
STRUCTURE OF X-RAY ABSORPTION SPECTRA. 


I. INVESTIGATION OF A COPPER-PLATINUM SOLID SOLUTION 
- I.B.Borovskii & G.N.Ronami 


Investigations of the influence of temperature on the fine structure of the 
absorption spectra of pure metals were begun about 30 years ago.t The results of 
these investigations were somewhat surprising and were in conflict with the theo- 
ries generally accepted at the time. In particular, it turned out that there was 
no correlation whatsoever between the melting point and the intensity of "melting 
of the short wavelength fine structure. 

One of us (Borovskii) was the first to suggest that the process of “melting” 
of the fine structure is determined by the rms amplitudes of the vibrations of th 
atoms, i.e., by elastic constants, and, consequently, by the Debye temperature as 
well; whence it could be concluded that the process should depend on the mass of 
the vibrating atoms, which agreed with the Debye-Waller theory2. 

Theoretical investigations of the influence of temperature on the fine struc 
ture were first undertaken by Kostarev? and then developed and made more precise 
by Shmidt4. These authors obtained 
a clear dependence of the process 0: 
"melting' of the fine structure on 
the atomic mass and the characteris 
tic temperature; Shmidt* showed in 
addition that zero-point vibrations 
have a great influence on the rela- 
tive intensity of fluctuation of th 
absorption coefficient within the 
range of the short wavelength fine 
structure. It was assumed in the 
calculations that the spectrum of 
the thermal vibrations corresponded 
to the Debye spectrum. 

Up to the present, however, it 
has proved impossible to calculate 
the spectrum of the thermal vibra- 
tions of two-component and more com 
plex metallic compounds, and there 
is no chance of constructing a the- 
ory characterizing the temperature 
dependence of the "melting" of the 
fine structure of these systems. 

F Nevertheless, investigation of the 
Pt (CuPt) temperature spectrum of complex 
metallic compounds, in addition to 
its undeniable scientific interest, 
is also of great practical interest 
It is therefore very important to 
obtain experimental facts that migh 
help elaborate new models. 
| In our previous investigations 
M2 eV eV we demonstrated the great influence 
of minor impurities on the tempera- 
X-Ray absorption spectra ture dependence of the short wave- 


- 1009 - 


Dist ; Table 1 
stances (in ev) of extrema from the point of inflection 
——————————— 
: C 
Extremum| Cu in Cu—Pt EG in ean axtremum| Cu tn ie Pt in EAS 
A 15 13 18 20 Y 140 104 146 144 
a 26 23 30 By. D 148 133 174 172 
B 37 34 48 49 3 175 — 208 210 
8 55 52 72 76 E — — 234 236 
C 82 75 110 110 Edge 0 0 0 0 


length fine structure. At certain "optimum" impurity concentrations the fine 
structure of the host atoms is preserved up to the melting point, whereas in the 
pure metal it "melts" altogether some 150-200° below this temperature. 
Below we give the results of studies carried out on Cu-Pt alloy of stoichio- 
metric composition. We chose this alloy because its components differ in mass by 
about a factor of three (mpt/mcy = 3.07); the pure metals have the same crystal 
structure (face-centered cubic; a,,= 3.916 A; dc, = 3.608 A) and close interatomic 
separations ( roy_cu= 2.55 A; pt-pt = 2677 A). Cu-Pt alloy has the structure of a 
somewhat distorted face-centered cubic lattice with a= 3.85 A (ro,_p,= 2.75 A) 
and each copper and platinum atom is surrounded by six copper and six platinum 
atoms (in the pure metals each atom has twelve equidistant nearest neighbors). 
According to data in the literature® , (a)@, = 0.15 A, (a@)f = 0.12 A, 0cu = 320°K 
and 0p; = 230°K, 
If we follow short-range order theory, which was first developed for metals 
by Kostarev’ , and assume that in alloys also to the first approximation the rms 
displacements of atoms differing in mass are in- 

Table 2 versely proportional to the square root of the 

Ratios of the amplitudes of atomic masses, we should expect the behavior of 
fluctuations of absorption the fine structure as a function of temperature 


cu to differ for atoms in compounds and in pure 
" Ca metals: the fine structure of the K absorption 

aaa Exper. | Theory |/"cu-Pt spectrum of copper in Cu-Pt alloy should be less 
ee, sensitive to temperature than in the pure metal; 

ey 1,37 1,3 the fine structure of the L absorption spectrum 
Bone! Benge 16 1.75 1.0 of platinum, on the other hand, should begin to 
PG. te kod 3,0 1,5 "melt" at a lower temperature than in pure platin- 
DapelDsgge | 324 iA um. 


For study of the absorption spectra we pre- 
pared 7-9 » thick foils for pure Cu and Cu in Cu- 
Pt and 6-8 wp foils for pure Pt and Pt in Cu-Pt. 
Prior to spectrometry, the foils were vacuum annealed for 10 hours at 500°. 

The spectra were obtained on a Cauchois spectrograph (transmission method) 
with ionization recording. The analyzer was a quartz crystal (R = 1000 mm) with 
reflection from the (1010) planes. The dispersion in the investigated regions was 
57 ev/mm for Cu and 91 ev/mm for Pt. At least 26 000 pulses were counted for each 
| point with the x-ray table operated at 13.5 kv & 20 ma for the K absorption spec- 
trum of Cu and 21 kv & 20 ma for the L absorption edge of Pt. The specimens were 
investigated in the temperature range from 20 to 860° (temperature measurements 
accurate to within +5°). The results are shown in the figure and in Tables 1 and 2. 

It follows from the results that 1) the fine structure of the K absorption 
spectrum of pure Cu disappears at 500°C, while the fluctuations of the absorption 
coefficient in the case of Cu in Cu-Pt change but little with temperature in the 
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range from 20° to 860°C, and 2) the fine structure of the Lyyz edge of pure Pt 
persists up to 760°C, while in the case of Pt in Cu-Pt the fine structure disap- 
pears completely at 500°. 

We note that the positions of the extrema (peaks and valleys) of the fine 
structure relative to the point of inflection in the main Lyyyz edge of Pt in Cu- 
Pt and in the pure metal coincide, while the analogous extrema in the K absorp- 
tion spectrum of Cu in Cu-Pt are shifted to the side of longer wavelengths as 
compared with the pure metal. 

Thus, experimental results fully substantiate our initial premises. It also 
follows from our results that the relative intensity of the extrema of the absorp: 
tion coefficient as well as of the "hyperfine'’ structure (small variations of the 
absorption coefficient within the fine structure extrema) depends substantially 
on the type of atoms involved. The rate of "melting’’ of the fine structure of thi 
K absorption spectrum of Cu is substantially reduced in the presence of Pt as com: 
pared with the pure metal (see Table 2). 
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CONCERNING THE ELECTRON CONFIGURATION IN METALS OF THE IRON GROUP 
- N.D.Borisov and V.V.Nemoshkalenko 


‘ al 
Weiss and DeMarco” presented new values for the number of 3d electrons per 


atom in the iron transition group elements as obtained by x-ray measurements of 
the atomic scattering factors (table). 


| structure 


Number of 
electrons per atom 


Element 


Face-centered cubic pts) bs (O56: 
Ni Oe te 08S 
Co Close-packed hexagonal 8.4 + 0.3 
Fe Body-centered cubic 2.3 + 0.3 
Cr rs Or2e0e4 


Whereas the data for Co, Ni, and Cu were close to the accepted values, those 
for Cr and Fe were quite different. They naturally attracted much attention and 
became the subject of extensive scientific discussion. 

Hume-Rothery and co-workers? , while recognizing the experiments of Weiss & 
DeMarco to be faultless and thorough, nevertheless advised theoreticians to ap- 
proach the values in the table with great caution, in view of the fact that each 
measurement was based on one reflection only, namely (110) for Cr and Fe, (100) 
for Co, and (111) for Ni and Cu. In the absence of data on the symmetry of the 
electron cloud, one can speak only of the electron density in the corresponding 
direction in the crystal. Hence the assumption by Weiss & DeMarco of spherical 
symmetry of the electron cloud in Cr, Fe, Co and Ni is highly debatable. 

To support their point of view, Hume-Rothery et al refer to the paper by 
Deslattes3, who pointed out the discrepancy between the data of Weiss & DeMarcol 
and Nilsson's data* on the isochromates of the x-ray spectra of transition metals. 

We felt it desirable to obtain additional data on the structure of the elec- 
tron spectrum of the iron group metals by a procedure different from that employ- 
ed by Weiss & DeMarco, particularly since Hume-Rothery's reference to the Deslat- 
tes paper3 is not well chosen. There can be no doubt that the isochromate method 
employed by Nilsson* can be used to study the distribution of unoccupied states 
in metals and alloys. The fine-structure feature - “h-structure'" - observed by 
Nilsson in the isochromates of the transition group metals was a partially re- 
solved line, the intensity of which decreased in going from Ti to Cu, i.e., with 
filling of the 3d band. This enabled Nilsson to correlate this feature with 
states in the unfilled part of the 3d band. He found the h-structure intensity 
ratio for iron and cobalt to be 4/3, which is in good agreement with the accepted 
electron configuration in the outer energy band of these metals. This enabled 
Deslattes to refute the data of Weiss and DeMarco, which would yield a ratio 4/1. 

It can be shown, however, that Deslattes' deduction is incorrect, owing to 
an error in treating the "h-structure’. In fact, the h-structure cannot be 
_ juxtaposed with the unfilled part of the band described by the atomic 3d wave 
functions, as was done by Deslattes*®, The relatively high intensity of the KB5 
band in the spectra of transition group metals points to considerable overlapping 
of the wave functions of the 3d,4s and 4p states in the occupied part of the out- 
er energy band. This overlapping will, obviously, be even greater in the pape 
pied part of the band. Consequently, the "h-structure’ must be matched not wit 
the states in the unoccupied part of the 3d band, but with the states in the un- 


filled parts of the 3d, 4s and 4p bands. 
Sone of Weiss & DeMarco and the general aspects of the electron-band 
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Fig.1. Cr spectrum. 
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Fig.2. Fe spectrun. 


structure, as described by Mott and Stevens®, indicate that in iron two electrons 
are in states described by atomic 3d wave functions and do not participate in the 
conduction and formation of the Fermi surface, but are responsible only for the 
magnetic properties of the metal. The remaining electrons form a band located 
above the 3d electron band, and are described by 3d (x, symmetry), 4s and 4p wave 
functions; consequently their radial parts extend far out in space. Hence the 
contribution of these electrons to scattering is negligible. Inasmuch as the to- 
tal number of electrons in both bands is now known to be eight, the unoccupied 
parts of the conduction bands of iron and cobalt should be related as 4/3, as was 
indeed observed by Nilsson. 

It follows from the foregoing that neither the data on absorption spectra 
nor the data on the isochromates can be used directly to check on the validity 
of the Weiss-DeMarco results inasmuch as they cast light on only one aspect of 
the problem — the distribution of unoccupied states in metals and alloys — but 
yield no specific information on the distribution of the occupied states. In our 
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opinion, this problem can be resolved by investigating the x-ray emission spectra. 

Accordingly, in the present work we investigated a number of parameters (in- 
tegral intensity and intensity at the peak) of the KBs5 emission bands of pure Cr, 
Fe and Co (Figs.1,2 and 3). We used a high-transmission x-ray spectrograph of 
our own design® employing a Johann mount with a quartz crystal bent to a radius 
of 500 mm (reflection from the (1010) planes). 

Under our experimental conditions the KB"' satellite was clearly resolved, 
so that we could subtract its intensity from the overall intensity of the Fe KBs 
and Co KBs bands. This is of great importance in comparing the integral intensi- 
ties of the last two emission bands. 

We developed a special procedure for comparing the intensities of the KBs 
bands when using photographic recording. This procedure consisted essentially 
of recording the KB5 emission bands on a "sandwich" consisting of two films sepa- 
rated by an aluminum absorber. The absorber thickness for neighboring elements 
was chosen so as to make the density of the KB, line recorded on the second film 
not greater than 0.7. Inasmuch as each line pair (KBs - KB,) was recorded with 
the same exposure time, this automatically excluded the effect of variation of the 
exposure time and fluctuation of the beam intensity in the process of recording. 
Inasmuch as the x-radiation recorded on the second film passed not only through 
the aluminum absorber but also through a double layer of silver bromide and the 
film backing, to compare the KBs line intensities it was necessary to determine 
the ratio of the absorption coefficients for the KB; line wavelengths of the com- 
pared elements. This was done by photographing the KB, lines from a 50% alloy of 
each of the compared elements with and without the absorber. The spectrograms 
were scanned on an MF-4 microphotometer, coupled to an EPP-09 recording potenio- 
meter. ? 

This method of recording has two significant advantages over registration on 
photographic paper. First, the microphotometric curves are obtained directly in 
intensity vs energy coordinates, and therefore require no further conversion. 
Second, the area under the curves is larger than obtained with photographic paper, 
which enhances the accuracy of area measurement. The correctness of the proced- 
ure employed was checked by comparing our data with those obtained with spectro- 
meters using ionization recording. 

Fig.4 shows a plot of the relative intensity of the KB. bands vs atomic num- 
ber Z, taken from Ref.8. The crosses denote our values. The good agreement indi- 
cates that the assumed invariance of the integral intensity of the KB, lines with 
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change in atomic number (at least for Z > 24) is 


justified. 
ly To explain the curve of Fig.4 we must assume 
pei that a decrease in atomic number is accompanied — 
av not only by a reduction in the number of elec- 
: : trons in the outer energy band, but also by a 
change in the probability for transition of elec- 
trons from the conduction band to the K level. 
This being the case, to determine the number 
2 of outer electrons, in addition to the data on 
; es the integral intensities of the KBs bands, we 


must know the corresponding transition probabili- 
ties. In our case, as will be shown below, it 
Fig.4. Relative intensity of is sufficient to have data on the ratio of the 
the KBs bands vs atomic number. transition probabilities for the two pairs of 

the compared elements, rather than the absolute 
probability values. 


Element I I Indeed, since the shapes 
ae max/ KP max of the Brillouin zones are de- 
0.641 termined, within the framework 
0.339 of the band model, by the struc- 
0.290 ture of the lattice, crystals 


having the same crystal lattice 
will have the same N = f(E) curves. Then, bearing in mind that chromium and iron 
(in the Q-phase) have the same crystal structure, and that the zones in chromium 
and iron are filled beyond the maximum, the ratio of the corresponding transition 
probabilities of these elements will be determined by the ratio of the intensi- 
ties of the Cr and Fe KB, bands at the peaks. It follows from the cited data that 
for chromium and iron the value of this ratio is ~2. 

Knowing the transition probability ratio, we can estimate the ratio of the 
number of electrons in chromium and iron. According to our data this ratio is 
close to unity; this means that chromium and iron have an equal number of elec- 
trons in the outer energy band, which is in good agreement with the data of Weiss 
& DeMarcol, 

Unfortunately, it is impossible at present to make an analogous evaluation 
for cobalt, since we do not know the character of the N = f (£) curve for this 
metal. 


Institute of Metal Physics, 
Academy of Sciences of the Ukrainian SSR 
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THE KBx EMISSION BAND AND K ABSORPTION EDGE OF ALUMINUM IN SOME ALLOYS 
WITH TRANSITION METALS 


-~ S,A.Nemnonov & L.D.Finkel'shtein 


We have already studied! »2 the nature of atomic interaction in compounds of 
transition metals with aluminum in connection with the ever-growing practical im- 
portance of metalloid compounds of this type. However, in order to judge of the 
character of interatomic interaction and the structure of the energy bands in the 
alloys and compounds of interest, it is necessary to examine not only the x-ray 
spectroscopic characteristics reflecting the state of atoms of the transition 
metal but also those connected with the behavior of the second component, viz. 
aluminum. In the present work we investigated the emission and absorption spec- 
tra of aluminum in a number of alloys and compounds with transition metals. In 
view of the complexity of recording long wavelength absorption spectra, the K 
poses were recorded only for compounds with a relatively low transition metal con- 
tent". For the same reason we were obliged to limit ourselves to a study of the 
main absorption edges. In this paper we also report on the results of investiga- 
tions of the KB, emission band and the K absorption edge of pure aluminun. 


Experimental Procedure 


The K emission and absorption spectra of aluminum were recorded in the first 
order of reflection from the (1010) planes of a quartz crystal (dj = 4.24 A). The 
linear dispersion in the investigated region of the spectrum was 14 X/mm (voltage 
dispersion - 2.8 v/mm). 

Excitation of the KB, emission band was effected by the primary method at a 
potential of 3 kv (i = 10 ma). A nitrogen trap helped maintain a vacuum in the 
8°1076 to 3-107-7 mm Hg range. The absorption edges were recorded with the instru- 
ment operated at 2.5 kv and 50 ma, which precluded the appearance of second and 
higher orders of reflection. 


KBx Emission Band and K Absorption Edge of Pure Aluminum 


Fig.1 shows the KB, emission band and K 
absorption edge of pure aluminum. The mid- 
point of the short wavelength side of the KBx 
emission band and the point of inflection of 
the arc tangent section of the absorption edge 
coincide (point B). This coincidence of the 
end of emission and beginning of absorption 
is characteristic of metals, and the position 
of point B corresponds to the Fermi level. 

The shape of the KB, band and absorption edge 
in conjunction give (after exclusion of the 
influence of the width of the inner level) an 
approximate characterization of the distribu- 
tion of p electron states in the filled and 
Fig.l unfilled parts of the conduction band. 

The KBx band is the last emission band of 


*The highest content of transition metal at which it was still possible to 
‘record the absorption edge of aluminum was 40 atomic percent (the compound NijAl3). 
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to the 1s level. Our shape of 

the KB, band in general agrees 

with the results of Nordfors?, 
a except that in his work the 
= peaks which we designate by A 
and C are united into a single 
maximum. According to Farinea 
the long wavelength side of th 
emission band exhibits an addi 
tional peak that purportedly 
corresponds to the first fille 
Brillouin zone. This peak was 
not observed in the present 
study or in the work of Nord- 
fors3, We found that at an in 
adequate vacuum there appears 


a ee ee ey 
S859 «1560 GI 62 


SSS ES eee eee Refi ae ae Be 
1560 (570 1580 7690 1600 1610 eV on the long wavelength side of 
Fig.2 the KB, band a hump due to the 


KB) band of Alj0,, at the loca 
tion of the peak reported by Farineau*, 

According to Farineau‘, the valence electrons of aluminum are distributed i 
two Brillouin zones, only the first of which is completely occupied. The zone 
model predicts a decrease in density of states incident to transition from the 
first to the second zone, which corresponds to an energy interval of between 7 a 
11 ev from the long wavelength end of the band. The distances of peaks A and C 
from the long wavelength end of the band, taking into account broadening of low- 
lying states of the band owing to nonradiative transitions, are about 8.5 and 1l 
ev, respectively, i.e., are in satisfactory agreement with the concepts of the 
zone theory model. 

Fig.2 shows the K absorption edge of aluminum, recorded with a 2 yw thick ab 
sorber. The shape of the edge and the position of the extrema agree well with 
the results of Shaw's work) carried out on a double-crystal spectrometer. The a 
sorption edges for absorbers of other thicknesses differ only as regards the dep 
of the extrema. For a 3 y absorber the depth is less, while for a 1 uw absorber 
it is greater. 

The width of the initial absorption level was determined with reference to 
the short wavelength edge of the emission curve and to the main absorption edge 
(Fig.2, lower curve). Both values equal 0.50 ev, which agrees with the value of 
the width of the K level calculated by Blokhin and Sachenko®. 


KBx Band of Aluminum in Alloys of Transition Metals 


Fig.3 shows the KB, band of aluminum in a number of alloys and compounds wi 
the transition metals Cr, Fe and Ni. It will be evident that the character of t 
change in the emission band as one goes from higher to lower intermetallic com- 
pounds is identical for all three systems: with increasing content of the transi 
tion metal the intensity of the short wavelength part of the KB, falls off con- 
sistently, and for alloys with the maximum transition metal content (CroAl, Fe3A 
and Ni3Al) the band becomes narrower, almost symmetric, and is shifted to the la 
energy side relative to its position in the spectrum of pure Al. For the purpos 
of quantitative evaluation of the alterations we drew a vertical dashed line 
through the A peak of pure aluminum and measured the areas of the short waveleng 
parts of the bands (i.e., to the right of the dashed line). The measurement re- 


| 


Some characteristics of the 


KBx band of aluminum 


in the investigated alloys 


Area of 
hort wave 


Compound flength part] £&, ev 
3 ng vote 
arb. units 

Pure AL 420 | 1558 ,9 
NiAls 330 1558,1 
NiAl 285 1557,0 
Nis3Al 250 150751 
FeAls 340 1558 ,0 
FeAl 235 toy. 
FesAl 200 1596,9 
CrAl, 360 A558. 
CrsAlg 195 1556 ,6 
Cr,Al 160 1556, 2 


aluminum in NiszAl. 


gen in Al903. 


A,eV 


1556 ,2 
1555,2 
1555,2 
15552 
1556,2 
1554,7 
1554,7 
1556, 4 
1554,6 
1554,0 
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Fig.3 


sults are given in the table. 

On the basis of these data we conclude that 
for all systems, increase of the transition metal 
content leads to consistent decrease in the in- 
tensity of the short wavelength part of the band, 
and shift of the point — (the midpoint of the short 
wavelength side) and the peak A to the low energy 
side. The extent of these changes is greatest for 
alloys in the chromium-aluminum system, somewhat 
less for iron-aluminum and least for nickel- 
aluminum (for identical component concentrations). 

It is obvious that this betrays the influence 
of the different degrees of filling of the 3d 
shell of chromium, iron and nickel atoms. 

The general aspect of the bands for alloys 
with high transition metal content is reminiscent 
of the KB, band of Alg03. Fig.4 shows the KB, 
bands of pure aluminum, aluminum in Alg03 and 


It is obvious that the last occupies an intermediate position. 
It seems to us that the similarity in shape of the bands in the spectra of the 
alloys and Al903 is not fortuitous, that in alloys and compounds of aluminum with 
transition metals the predominant metallic type of bond is supplemented by inter- 
action between the transition metal atoms and the aluminum atoms, the nature of 
which is somewhat similar to the ionic-covalent bonding between aluminum and oxy- 


It should be noted that the difference between the electronegativ- 


ities of aluminum and oxygen exceeds that between aluminum and transition metals 
by at least a factor of seven. 


*Electronegativity values’: 0 - 3.5, Al - 1.6, Ni - 1.8. 
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Hence the polar-covalent interaction between 
the transition metal and aluminum atoms and, 
consequently, the degree of alteration of the 
emission band in the alloys should be considei 
ably weaker than in the predominantly ionic cc 
pound Al903. 

Earlier!,2 we developed the concept of 
ionic-covalent interaction in alloys and com- 
pounds of transition metals with aluminum, bas 
ing our views on the aggregate of physical 
properties, structural peculiarities and x-ray 
spectral characteristics of transition metals 
in these compounds. The present work, it seen 
to us, yields the most direct x-ray spectro- 

Fig.4 scopic confirmation of this concept. In fact, 

the character of the change in the KB, emissic 

band of aluminum in alloys points to withdrawal of part of the high energy elec- 

trons of the aluminum atoms to the transition metal atoms with an unfilled 3d she 

The lower energy resulting from this interaction is evinced by the shift of the « 
tire band to the low energy side. 

We can get a clear idea of the polar-covalent interaction in the alloys only} 
on the basis of investigation of the KB, band of aluminum in alloys with a high 
transition metal content, wherein the metallic aluminum-aluminum interaction is 
weakened owing to the great separations between the aluminum atoms and does not 
mask the polar-covalent interaction between the aluminum and transition metal 
atoms. Thus, in the alloy NiAl3 there are twelve nickel atoms in the immediate 
ambiance of each aluminum atom; six aluminum atoms are located in the second co- 
ordination sphere, and their distance from the central Al atom substantially ex- 
ceeds the interatomic separations in pure aluminum. In the compound NiAlg each 
emitting aluminum atom is surrounded by only three nickel atoms and eight alumintu 
atoms, whose distances virtually do not differ from the interatomic separations i 
pure aluminum. Hence, here the strong metallic interaction between the aluminum 
atoms masks the polar-covalent interaction with the transition metal atoms. An 
analogous situation obtains in compounds of the other systems as well. 


K Absorption Edge of Aluminum in Some Compounds with Transition Metals 


As we saw above, the 
alterations that the KB, emi 


crAl, CrAl, Mn Ale Feats NuAly sion band undergoes in the 
direction of the KB] band of 
Alg03 are convincing evidenc 
| of the presence of polar- 
covalent interaction in the 
investigated compounds. It 
is natural to expect the ab- 
: e AL sorption edges also to evince 
3 °Compound changes bringing them close 
to the edge of Al90.,. Accor 
5 OP PE OO Sep Epa a ane ing to the data of Rudstrém' 


0 
E,eVv the K absorption edge of alt 


Fig.5 minum in Alj03 is shifted 5. 
ev to the short wavelength | 


BISON e oN hs 
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side relative to the edge of pure aluminun. Owing to experimental difficulties 
,we succeeded in recording the main absorption edges of aluminum only in compounds 
with a relatively low transition metal content. Fig.5 shows the main absorption 
edges of aluminum in these compounds with the main absorption edge of pure alumi- 
num superposed on them for the purpose of comparison. It will be evident that a 
shift of the edge to the short wavelength side is noticeable only for the com- 
pound NigA13, which has the highest transition metal content of all the investi- 
gated compounds (40 atomic percent). It would be interesting to study the ab- 
sorption spectra of aluminum in other compounds with an even higher content of 
transition metal. We plan to undertake such studies in the near future. 


Institute of the Physics of Metals, 
Academy of Sciences of the USSR 
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COMPUTER FOR CORRECTING THE SHAPE OF EMISSION SPECTRA 
- M.1I.Korsunskii & Ya.E,Genkin 


Distortions of emission spectra due to interaction of the x-ray photons with 
the instrument and the width of the inner levels are usually allowed for by meth- 
ods!»2 involving the use of special tables, charts or matrices. In such calcula- 
tions it is particularly convenient to employ accumulator or storage devices capa- 
ble of algebraic summation (mechanical or electrical calculators). 

In general, the corrected ordinate /; is given by 


n 
ji= >) by BG 12, Bees) (1) 
eT 
where ||0;, || is a s by n transformation matrix, and /; is the corresponding ordin- 
ate of the experimental spectrum. 
We have designed a simple computer for correcting x-ray spectra for distor- 
tions introduced by the instrument and the width of inner levels. This device 
can easily be constructed in any laboratory. Fig.l gives a schematic of the com- 
puter for correcting spectra (CCS). The matrix elements are made of manganin wire 
resistors 7;,. The CCS consists of ncells. Each /-th cell comprises s series 
connected resistors (the elements of the k-th column of the | 0;,||matrix), a de 
source (battery), an adjusting potentiometer, a ballast resistor and a resistor 
with a resistance equal to that of the instrument measuring the current in the 
circuit of the given cell. The potentiometers are used to adjust the current in 
each cell to the value corresponding to the ordinate at each point of the experi- 
mental spectrum (7; ~/;,). Then the potential drop across each resistor is 
Vix = TirJn = ab f;, Where ais a constant of the instrument. The sum of the poten- 
tial drops across all the i-th resistors of all the cells is then proportional to 
the i-th ordinate of the corrected spectral curve: 


Vi — »> vu = afi. (2) 


iit The potential drops are added 
by setting a special movable con- 


a tact panel (MCP) successively intc 

(V) Ss positions; thus there are obtain 

Cd ed s values of the corrected spec- 
— () trum at s points. 


The total potential drop at 
each point is determined by the 

2 compensation method. Fig.2 shows 
} the electric circuit of the CCS. 


It will be seen that each matrix 
element ‘k is connected to a sta- 
tionary contact panel (SCP). The 
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(4) ee) 
al ps = “e tion in which there is realized 
KA Ce summation of the voltage drops 
| over the 11, 12, 13, ...1,23 matr? 
element, i.e., there is determinea 
23 any the potential drop proportional ta 
the first corrected ordinate fi. 
Fig.1. Schematic of the computer This voltage is taken off the 


for correcting spectra. ends of resistors 11 and 1,23 and. 
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Fig.2. Electric circuit of the CCS. 


is applied to the movable contact of the compensating potentiometer and to its 
midpoint. If the potential difference between the midpoint and the movable con- 
tact of the potentiometer is not equal to the voltage difference taken off resis- 
tors 11 and 1,23, the galvanometer will show a deflection. By pressing the appro- 
priate button one actuates a reversible motor mechanically coupled to the moving 
contact of the potentiometer. This motor operates until the galvanometer returns 
to the null position. Then the voltage drop across the potentiometer will be equal 
to the applied voltage difference, i.e., will be proportional to fi. The moving 
contact of the potentiometer is connected to a pointer moving over a dial with the 
zero mark corresponding to the center of the potentiometer. The potentiometer 


contact is moved by means of a screw connected to the motor shaft through a re- 


ducing gear. There is a circular scale on the axis of this screw. Thus, together 
with the potentiometer scale, this circular scale gives the position of the moving 
contact to four significant figures. The length of the potentiometer wire is l 


meter. The potentiometer circuit includes a current reversing switch. 


After determining the first corrected ordinate /,, the MCP is moved to posi- 


tion 2, in which the potential drop across the ends of resistors 21, and 2,23 is 
applied to the potentiometer. Compensation of this voltage gives the value of 
the corrected ordinate for the second point, etc. The MCP is moved into successive 


——- «= re Ny 
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positions by means of a Maltese cross mechanisn. 
An appropriate switch causes the corresponding 
signal lamp L; to light up, thereby indicating 
that the /-th ordinate is being corrected. 

Our CCS was programed with an 11 x 23 matrix 
designed for correcting spectra directly from 
microdensitograms without previous conversion to 
intensities. This matrix was obtained from a 
matrix of the 22nd order "with translation". ? 

In practice, a matrix for correcting any 
aN, spectral intervals can readily be constructed. 

ay The summing circuit remains the same; only the 


m 


TTT TT HII 17 a) as~S*«*ige: VE Changed. It should be noted that when the 
matrix elements in any column have opposite signs 
Fig.3. Corrected spectra ob- they are connected to the SCP as shown in Fig.2 
tained by direct calculation (for instance, the 25 and 65 matrix elements have 
(1) and by means of the CCS opposite signs, whereas the 65 and 85 elements 
(2). Solid line - experi- have the same sign). 
mental spectrun. Corrected spectra are shown in Fig.3. The 


crosses give the values obtained by direct calcu- 
lations; the circles are the points obtained by means of the CCS. It will be seer 
that the agreement is satisfactory. 

Use of the CCS greatly reduces the time necessary for processing microphoto- 
grams. Thus, for example, correction of a section of the spectrum equal to about 
16 dispersion widths by the matrix method? requires about 4 hours; correction by 
the column method takes about 36 hours, whereas only some 30-40 min are required 
to correct the same section by means of the CCS. 

A positive feature of the CCS is that all the matrix elements are made of 
wire resistors so that the apparatus is relatively insensitive to temperature 
changes. 

We take this opportunity to express our deep gratitude to L.I.Lukashenko for 
assistance in the work, V.F.Balditsyn and I.A.Belenko for their craftsman-like 
workmanship in assembling the CCS. 


"v.I. Lenin" Kharkov Polytechnic Institute 
References 
1. M.A.Blokhin, Metody rentgeno-spektral'nykh issledovanii (Methods of x-ray 
spectroscopic investigation), p.236, M., 1959. 


2. Ya.E.Genkin & I.A,Rumyantsev, Izv.AN SSSR, Ser.fiz., 24, 384 (1960). 
(Trans.Bulletin, 24, 398.) 


- 1023 - 


COMPARISON OF TWO METHODS OF CORRECTING EXPERIMENTAL CURVES 
(Column and Matrix Methods) 


The column and matrix methods of correcting experimental curves have been 


described elsewhere,1»2 The purposes of the present paper are to establish the 


Mean and disadvantages of each method and to determine its range of applica- 
Ye 


1. Column Method 


As is known ,1 the column method consists essentially of using successive ap- 
proximations to find a function /(r) satisfying a convolution equation of the form 


co 


F(2)= \ #@)e@—2)dz, (1) 


where 


I (%) = te 
0 for \z| >>> 


z—a2\? ” 

Gnas 
here a is the width of a unit column, and B is the half-width of the dispersive 
distortion. 
é This function as obtained in the tenth or fifteenth approximation will be 
found in the table below for those values of zx for which it is no less than 5-107. 
By using this function (P10 or p,;) One can correct any experimental curve. In the 
process, that part of the curve which is outside the correction interval is taken 
into account by approximating the dropped parts of the experimental curve by semi- 


infinite step functions and then using the special tables of 41, (or g,;) obtained 


by solving Eq.(1) for 
f forey 0 


se a 0 forz<0. 

This method is universal in the sense that it can be applied to a spectrum 
section of any length and to either emission or absorption spectra. 

If the uncertainty in determining the ordinate of the experimental curve is 
¢, the maximum uncertainty in the ordinate of the corrected curve is Ne, where /V 
is the sum of the absolute values of the coefficients in the computation table. 
An advantage of the method is the possibility of obtaining relatively small co- 


efficients (<10) in the computation table, and this makes it possible to reduce 


the uncertainty by appropriate choice of the approximation. . 
The tables given by Blokhin! are calculated for a subdivision interval equal 


to 6/2. Such a small interval, however, is of no particular advantage, as will 


be shown below. Furthermore, the smaller the interval, the longer the time re- 
quired for correcting the curve (30-35 hours for correcting a spectrum of width 
10.5 nB ~ 33 B). 

A disadvantage of the method is that the experimental curve is approximated 
by a histogram; what is corrected is in fact an approximate step-function type of 


curve, which does not correspond to physical reality. 


Another disadvantage (in our view the most important) is that Blokhin gives 
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no rule for obtaining the heights of the semi-infinite step function used to ap- 
proximate those parts of the spectrum which are outside the correction section. 
This may cause deviations of the area and shape from those of the true curve, de-" 
pending on the choice of the height of the step function. 


2. Matrix Method 


The matrix method” is based on approximating sections of the true f(x) curve 
in the correction section by polynomials of degree two. The sections of the true 
curve outside the correction section are taken into account by approximating them 
by hyperbolas also of degree two; one then integrates the approximating functions 
within the correction section over small subintervals of appropriate width, and 
outside the correction section over the entire range of the variable, reducing 
Eq. (1) to the form 


n 


Fy, = >} apap. (2) 
11 

The ||J;,|| matrix, which is the inverse of the linear transformation matrix 
||ax:|| in (2), is the one used in developing the matrix method for correctin experi- 
mental emission spectra, i 

In Ref.2 we also gave a method for finding the || 2;,|/| matrix, which can be 
used to correct experimental emission spectra even if the datum of the ordinates 
is not known. 

The primary advantage of this method is that it is the true curve, rather 
than the experimental one, which is approximated. Further, the approximation by 
parabolas can be used to obtain not only the ordinate, but also the slope and 
curvature of the true curve, and this makes it possible to reduce the number of 
subdivisions. Thus the matrix method gives not only the values of the ordinate 
at the points of correction, but whole sections of the true curve in the neigh- 
borhood of these points (or more accurately, sections of parabolas approximating 
the true curve). It should be borne in mind, however, that correction by any 
method makes sense only if the area under the experimental curve in the correc- 
tion section amounts to at least 70-80% of the area under the true curve. 

Since all known correction methods assume the datum of the ordinates to be 
known, the matrix method has the additional advantage that one can obtain the 
|| bi: || matrix "with translation", which can be used to perform corrections when 
this condition is not satisfied, i.e., to find the true value of the ordinates 
measured from the true datum. 

The matrices tabulated in Ref.2 were calculated to the fourth or fifth deci- 
mal place, and have now been made more exact at the Computation Center of the 
Academy of Sciences, Ukrainian SSR on the "Ural" electronic computer. They can 
be used to obtain the exact values of points on the corrected curve. When these 
matrices are used, the time necessary to correct a curve of width 10.5 xB is about 
three to four hours. 

Another advantage of the method is that the results can easily be checked by 
making use of the appropriate matrices themselves, rather than their inverses. 

A disadvantage of the method is the inflexibility of the correction section 
(equal to the product of the subdivision interval by the order of the matrix), 
which limits the range of applicability of a matrix of given order. 

As has been mentioned, as’ the subdivision interval is decreased, the magni- 
tude of the matrix elements increases. When using matrices with large elements, 
however, the ordinates of the experimental curve must be known to good accuracy. 

Let us consider the extent to which it is worthwhile to reduce the subdivisic 
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interval in correcting an experimental curve. To this end 

we consider what happens to a column of height 1 and width 

10 equal to the subdivision interval under dispersive distor- 

‘ tion for subdivision intervals in the range from 0.18 to 
26. It is natural that as the subdivision interval is re- 

5 duced, the column will "diffuse", becoming less and less 

7 

2 

lm 


Ie 
6 


sharp and identifiable. As the distinguishability criterion 


we use the function (2) =|Fer|- We chose this function 


——— SS ee eee - 
Qi al 180 2 zB because it takes into account both the ordinate and the 


Slope of the curve. Values of this function have been cal- 
Fig.1. Plot of (a). culated for several subdivision intervals (a) at points a 
distance a from the center of the colum. 

The function (a) obtained in this way is plotted in Fig.1. It will be seen 
that as the subdivision interval is decreased from 2 B to 0.76, there is essenti- 
ally no change in (a), but as the subdivision interval is further decreased, (a) 
increases rapidly. This shows that it is not expedient to reduce the subdivision 
interval below a certain value (0.78). 

A disadvantage common to both methods is that they do not work very well on 
curves with abrupt rises and drops. 


3. Extending the range of application of the matrix method 


We have calculated matrices of order 12 and 50 with subdivision intervals 
mB8/2 for correction of 5.5 nB and 24.5 B wide sections, respectively (the matrix 
of order 50 is given in Table 1). 

In addition, we have calculated matrices of order 12 and 20 with a subdivi- 
sion interval xB/4 (the matrix of order 20 is given in Table 2). 

Examples of the use of the matrix of order 20 with a subdivision interval 
tB/4 and of the use of the column method (subdivision interval 0.5 6) are given 
in Figs.2 and 3. 

What is usually corrected is not the original photometric curve, but the 
curve obtained from it by converting to intensities. It is found, however, that 
this intensity conversion can be included in a matrix with translation.2 This 
gives a matrix which makes it possible to obtain the correct values of the ordin- 
ates, using only the ordinates of the microdensitometer trace, as measured from 
the zero line (i.e., the line obtained when the photocell is covered). This ma- 
trix can be used to crrect spectra with densities of less than 0.5, i.e., when the 
blackening is proportional to the radiation intensity. 

The zero line of the microdensitometer trace is broken up into subintervals 
of width xB/2. Measurements (in mm) * are made at all integral ordinates from 0 


to 23, i.e., at 24 points. Then the 23 values of fe, are obtained, start- 
i) 


ing with k= 1. The corrected ordinate fj; at the i-th point is given by 7:: 


23 
E> tbity =O) i hs ena 22) 
k=1 
The {(d,,|| matrix is given in Table 3. The sum of the elements in each row of 
this matrix vanishes, which provides for taking into account a linearly varying 


background. 


*The ordinates are measured at right angles to the zero line. 
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10 14 12 


x / 
va 
= 
bo 
eo 
> 
on 


I 


2,523] —0,982/ —0,153| —0,082| 0,000] 0,003; —0,007} —0,005} —0,004| —0,004) —0,002) —0,003 
—1,103} 3,216} —1,212} 0,229} —0,096} 0,003} —0,007/ —0,005] —0,004| —0,002) —0,003) —0,001 
0,179] —1,214] 3,247] —41,226] 0,232) —0,095} 0,004) —0,007) —0,005} —0,004| —0,002; —0,003 


“1S Oo FB to Ne 


4 0,000 —0,001! 0,000] —0,001] 0 0 0 0 0 0 

2 |—0,004} 0,000) —0,001] 0,000) —0,004 

3 0,000} —0,001/ 0,000) —0,001| 0,000} —0,004 

4 0,000 

5 | —0,004 

6 0,000 

7 | —0,004 

8 0,000 

9 | —0,001 

40 | —0,004 

44 | —0,004 

42 0,000 

43 —0,004 

44 | —0,004 

15 | —0,002 

46 | —0,004 

17 | —0,003 

48 | —0,002 

19 | —0,004 

20 | —0,005 

24 | —0,007 

22 0,004 

23 | —0,095 

24 0,232 

25 | —1,226 
; 

Be 26 27 28 29 30 34 32 33 3h 35 


Note: The unfilled boxes of the table contain matrix elements found from 
the relation 4m, ¢+m= Vix =1.2,3,...), where i>2,k>3). The matrix elements in the 
second half of the table (i>25) are obtained from the relation Ds fastsheall ello een bie 


aa File Rare Wk Sarr mee 


eae ey pe 
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—0.002} —0,002} —0,001] —0,001] —0,004 0,001) —0,004} —0,004] —0,000) —0,001] 0,000) —0,004 —0,004 
—0,002} —0,004] —0,002} —0,001} —0,004] —0,001 —0,0041] 0,000) —0,001} 0,000} —0,001] 0,000} —0,004 
—0,001} —0,002} —0,004 —0,004] 0,000} —0,004] —0,001] —0,001] 0,000 —0,004} 0,000} —0,004! 0,000 


weoNw re 


= 


on 


cI CO I 
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re 
RAS SS Gas 
oi OM 


413 | 14 15 16 17 18 19 | 20 24 22 23 24 25 
Table 1 continued 
————————————ooooo——————— 
| 38 39 40 AA 42 43 4h 45 46 47 48 49 50 
| | 
; 0 0 0 0 0 0 0 0 0 0 0 0 0 1 
t 2 
| 3 
i ! 4 
| 5 
6 
| | | H | ' 7 
i | . 1 ! i $ 
| | | | | 9 
| i | 40 
| | 1! 
\ 12 
| ! | 13 
| | i 14 
| | 15 
16 
| | 17 
| | | i 
| —0,001 19 
| 0,000} —0,004 20 
—0,004} 0,000] —0,004 2 
| | 0,000} —0,001} 0,000/—0,001] 22 
| —0,004] 0,000] 0,001] 0,000} 23 
| | 0,000} —0,001} 0,000) 0,001] 24 
| | 0,000] 0,000} 0,000)—0,001) 25 
| | 
ii Ny 
| 38 39 40 44 | 42 43 Mh 45 46 47 48 49 Son NS 
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Fig.2 Fig.3 
Fig.2. An example — the use of both methods of correcting an experimental curve: 
/(c)is the true curve, F(xz)is the distorted curve. Points obtained by the matrix 
method are denoted by circles; points obtained 
by the column method are denoted by crosses. 
Fig.3. Another example of correction by the two methods being compared. 
Designations are the same as in Fig.2. 


Conclusions 


1. It makes no sense, in any correction method, to try to use information 
concerning experimental points separated by less than 0.6-0.7 8B. 

2. Both methods satisfactorily correct emission curves without abrupt rises 
and drops. It is impossible, however, to avoid errors due to the way the curves 
are approximated outside the correction interval. 

3. The error of the approximation is easily evaluated in the matrix method. 
In the column method this evaluation is impossible due to uncertainty in the choic 
of the height of the approximating semi-infinite step functions. 

4. Sections of spectra close to abrupt changes are poorly approximated in 
both methods.1,2 

5. Experiment shows that the time needed to correct an experimental curve of 
width 10.5 nB is 3-4 hours when using the matrix method, and 30-35 hours in using 
the column method. 


"V.I, Lenin" Kharkov Polytechnic Institute 
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CORRECTED IBo EMISSION BAND IN THE SPECTRA OF PURE NIOBIUM AND ITS COMPOUNDS 
- M.I.Korsunskii & Ya.E.Genkin 


The present authors have described elsewhere!,2 investigations of the fluo- 
rescent L-series spectra of pure niobium and niobium in the Nb-N system. Accord- 
ing to measurements of Brauer?, specimens containing 6.32 and 6.8% nitrogen by 
weight belong in the region of the homogeneous 6 phase, characterized by the for- 
mula NboN; specimens with 8.1% N lie in the region of the B + y phase; those with 
11.9% nitrogen in the region of the y + € phase; those with 13% nitrogen (stoi- 
chiometric NbN) consist of the € phase. 

Significant changes in the character of the IBg and Ly; emission bands were 
observed in the spectra of these compounds (as compared to pure Nb). The other 
L lines showed no noticeable shifts and little change in relative intensity. 

We arrived at the conclusion that the disappearance of some parts of the 
emission bands in these compounds indicates that the relative density of occupied 
d states is not constant, and changes in different ways in going to different com- 
pounds. In order to clarify the character of the alterations in the IB9 band, we 
undertook a correction of this band for the width of the internal Lyyz level and 
the apparatus distortion. We assume the Lyyz level to have the classical disper- 
sion (Lorentzian) shape with a half-width equal to 1.04 ev. The shape of the ap- 
paratus distortion was checked by observing the Ka line of Mo in the seventh or- 
der> and the IB 1 line of Ag in the first and second orders.® These lines had the 
classical dispersion shape within the limits of our measurement error. The appa- 
ratus broadening deduced from these measurements was 0.58 ev for a Bragg angle of 
~38°, at which the IB9 bands of niobium were recorded. 

From the fact that the substances in question have a relatively high conduc- 
tivity and become superconductors at low temperatures, one may conclude that the 
16, emission band should have a sharp edge (Fermi level). This is substantiated 
by the data on the distortion parameter B for the short-wavelength side of the 
IBo band. 

In all cases B was found to equal, within limits of experimental error, the 
sum of the half-width of the internal Lyyyz level and the apparatus half-width. 

As indicated in Ref.7, this is a good criterion for the existence of the Fermi 
level. The same paper defines B and describes the method by which the Fermi level 
is found. Further calculations were performed with the aid of a 20-by-20 matrix 
which was applied to the experimental curve using intervals of width 18/4.8 The 
distortion parameter was taken equal to 1.33 ev. In using this matrix, however, 
true values are not obtained for points close to the limit (edge) because of the 
poor approximation resulting for regions of abrupt rise and BEE We therefore 
corrected the I82 band using the special matrix “with abrupt drop , which will 
give reliable corrections close to the limit. This matrix can be used only after 
the Fermi level has been determined and the spectrogram has been processed by any 
of the "conventional" correction methods8~10, 

In constructing the matrix "with abrupt drop" we based our procedure on the 
following considerations. The ordinate of the experimental curve at the i-th 
point is given by cl 

y= > Giz Tk, (1) 


=1 


where the a;, are the elements of the \|aix || correction matrix and jf, is the ordinate 

of the true curve at the k-th point. It should be borne in mind that /, is the 
inate at the limit, and that /, = 0 for k >7n. ' 

“aye Thus in any one of the correction methods the information about the experi- 

mental curve must be obtained from points an integral number of subdivision inter- 
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vals distant from the limit. We chose these points at distances which were multi- 
ples of nB/4 from the limit point. After using the 20-by-20 matrix, we assumed 
the ordinates /, for k<n—4 to have their correct values. Then 


AFn-s= >} 4n-s,cfx, Where 5 = 3, 2, 1, 9, (2) 
k=n—3 
and ae 
Ne ee >) an skfe=Fnr Bin evel: (3) 


k=1 


The F,,_, are obtained from the |i, || matrix. After this, the AF,_, are determined 
from the experimental curve. From the set of linear equations (2) it follows that 


nr 
Jinn = >» bate k AF;x, (4) 
k=n—s 
where ,, are the elements of the inverse matrix ||; || of linear transformation (2). 
For a subdivision interval equal to xB/2, this matrix is 


9.14527 —8.53313 4.23426 —1.99158 
—8.58090 17.24132 —12.94146 5,69902 

4,39040 —413.07057 20.960314 —13.24616 (5) 
—3.55158 9.59240 —21.75649 23.97369, 


so that, for instance, 
fn—2 = — 8.58090 AF, _, + 17.24132 AF,_. —12.944146x AF,_, + 5.69902- AF,,. . 
For subdivision at intervals equal to nB/2, the matrix "with abrupt drop is 
3.2716 —{1 ,6292 0.4040 —0.2209 
—1 .6330 4.1007 —1.9416 0.6816 


0.4062 1.9018 4.5964 —0,6910 (6) 
—0,3081 0.8222 —3.6817 7.4282 


The results of the calculations performed as described above for the IB9 
band in the emission spectra of pure niobium and niobium nitrides are shown in 
the figure. The differences between the corrected and experimental spectrum are 
clearly discernible. The corrected spectra show more clearly the two parts of 
the band arising either from the redistribution of the d level densities or the 
altered symmetry of the wp function, which is equivalent to altered transition 
probabilities to the collective band. From the corrected spectrum one can deter- 
mine more accurately the width of the filled part of the band, which requires 
finding the limit of occupation on the long wavelength side. Such determination 
by the method described in Ref.7 is impossible, since the distortion parameter on 
the long wavelength side may be significantly larger due to nonradiative transi- 
tions within the collective band itself. Nevertheless, the results of the above 
described calculations indicate that incident to formation of niobium nitrides 
the collective band is broadened, the Fermi level shifts to higher energies as 
the nitrogen concentration is increased. The magnitudes of this shift for dif- 
ferent concentrations of nitrogen by weight are (in ev) 


6.32% 6.8% 8.1% 11.9% 13.1% 
0.5 4.1 1.8 1.9 oS 


Thus, using niobium-nitrogen as an example, we have shown that one cannot 
arrive at definitive inferences regarding the degree of filling of the valence or 
conduction band without first correcting the experimental curves. This observa- 
tion undoubtedly applies to absorption spectra as well. 

Our study of the IB2 band of niobium leads us to assert that in the formation 
of the nitrides the nitrogen atoms are to a certain extent "metalized", by which 
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we mean that the nitrogen atoms give up some of their electrons to the "collective 
system."11,12 
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ON DETERMINING THE FERMI LEVEL FROM X-RAY EMISSION BANDS 
- M.1I.Korsunskii & Ya.E,Genkin 


Investigation of emission spectra provides a means for determining the dens 

ty N(E) of filled electron states by solving the integral equation 
Ned Oy ae \ N (E)W, (Eo — E) dE, (1) 

where /,(E)) is the spectral intensity, W,(H,— H) is the probability that an “oe 
excited to an internal level g will have an energy in the interval L, to Ey, +d 

If we assume that the shape of the internal levels may be characterized by 
a classical (Lorentzian) dispersion curve with half-width 8,, then in the cane .o) 
dispersion apparatus distortions with a half-width 8.,the density of the filled 
electron states may be found from the integral equation?: 


[ee) 


4 : : dE 
Hy) ~ —— — _\ N (LE) — (2) 
a ef 
qa a 


In considering emission bands it should be borne in mind that the function 
under the integral vanishes only in a certain energy interval, the extent os 
which is equal to the width a of the filled part of the outer energy band. Then 


EAE) =aP G). (3) 
where 
0 
Fe) = 4, | tee “ 
25 : ) 


here « is a proportionality constant, 8 =8,+ 8, and f(x) = M(£). At present the: 
have been developed several methods for finding the function f(z) from the known 
experimental intensity curve F(z) in a limited section of the spectrum. 1-6 

In general, solution of Eq.(2) with respect to /(x) over the entire axis is 
possible only with an accuracy to first order terms. Hence to obtain a single 
solution one must impose certain conditions on the functions f(x) and F(z). 

Such a condition may be 

\ } (x) dx = \ F(z)dz € A, (5) 


Ox 


where A = const. 
In the most general case the solution will be of the form 


P="ar (6) 


where 6 is an operator containing known parameters of the distortion B, and F is 
an experimental function known over the entire axis. Inasmuch as in any actual 
case the function /’ is known only over a limited section of the spectrum and is 
always measured with some uncertainty, no precise solution exists. Nevertheless 
reasonable approximation of the function f or F beyond the limits of the section 
of correction (for example, taking into account (5)) narrows the number of solu- 
tions, which are grouped close to the true shape of the distribution. 

However, in the above mentioned methods of correction it is impossible to 
use continuous information on the function F; only the values of this function 


yy *In this treatment we neglect the width of each of the levels forming the 
and. 
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at a limited number of points are used. This leads to different solutions depend- 
ing on the selection of the points along the experimental curve. Increase in the 
number of experimental points used in the mathematical formalism leads to an ap- 
preciable increase of the coefficients of operator B, and this can lead to the 
awkward situation where the resultant "corrected" curve will differ from the true 
curve to a greater extent than the curve being corrected. 

Particularly great divergences from the true solution are observed in the 
case of “cut-off" curves, in particular, in the case of the presence of the Fermi 
level (brim). In such cases there appear in the corrected curve "dips" and a high 

hump located to different sides of the cut-off. Such "dips" and "humps" are ob- 
served only in the case of abruptly varying curves. This criterion enables us 

to establish the position of the Fermi level with an accuracy to within the dis- 
tortion parameter B. Use in the correction of an inaccurate value of B increases 
the error in determining the position of the Fermi level. Inasmuch as knowledge 
of the location of the Fermi level helps elucidate many properties of the material 
under investigation, enhancement of the accuracy in determining the level energy 
is important. 

In the present contribution we propose a method for determining the position 
of the Fermi level and refining the value of the distortion parameter B in the 


region of the level, based on the properties of the function ¢(z) = acn » Ob- 


tained by plotting the subtangents to the experimental curve. 
Method of Determining the Fermi Level 


At temperatures above absolute zero, the Fermi brim is not sharp. The 
“smearing out" in the electron distribution has a width ~ &7, and for temperatures 
at which spectra are commonly recorded this value is appreciably smaller than the 
sum of the apparatus distortion and the width of the internal level. Hence, here- 
inafter we approximate the true curve close to the Fermi level by a vertical drop 

at the level. 
To clarify the fundamentals of the proposed method for determining the Fermi 
level let us consider the properties of the function 9(z). 
Differentiating (4) and utilizing the mean value theorem, we obtain 
B? + (z — ay)? 

(cin pe Sereemyes ap eh, 
where Zay depends on f(z) and z and lies in the interval OSS ae to) It follows 
from Eq.(7) that regardless of the course of f(z) within the limits of the inter- 
val a, the function @ (z) will have not less than two minima located at points 
satisfying the equation 


(2min — an) a = Y)- (8) 
From Eq.(8) it follows that 
Zimin< fp and Some = (Peet 2); (9) 


-i.e., the minima of the function 9g (z) do not extend outside the boundaries of the 
interval a by more than the magnitude of the distortion parameter 8 for any width 


of filling of the last energy band. 
| Let us see how the position of the minimum of q(z) changes with change in 
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the interval a for some forms of the function f(z). We restrict our considera- 
tion to cases of filling of the last energy band in the form of a rectangle or 
triangle with a sharp cut-off (edge) on the high energy side. 

Fig.1 shows a series of curves illustrating the dependence of the position 
of the minimum on the width of the filled band. Curve 1 pertains to filling of 
the rectangular type: f(z) =c in the interval 0 > x >—mf, where m = aif, and 
f(z) =0 outside this interval; curve 2 pertains to filling of the triangular 


type: f(z) = ng + m8) in the interval 0 > 2 > —mf and } (x) =0 outside this 


interval. It will be evident from the appearance of these curves that the posi- 
tion of the minimum of 9 (z) changes little even with m > 5; the value of znin may 
be taken equal to 0.5 B with an accuracy to within 0.05 6B. From this it may be 
inferred that in the case when the density of states is characterized by a func- 
tion of any form contained between a triangle of width m«= 5 and a semiinfinite 
rectangle, znin a 0.5 B. 

Thus, if the half-width of the dispersion distortion is known, then from the 
determined position of the minimum one can establish the location of the Fermi 
level. 

One can, however, determine the position of the Fermi level even when the 
value of the distortion parameter B is unknown. To this end let us determine 
the values of @ (Zmir) and @ (0) for the above mentioned approximate shapes of the 
emission bands. 

Fig.2 shows a family of curves representing ey =P lm) It will be evi- 

min 
dent from these curves that for emission bands of the indicated type the function 
~(m) varies little and equals approximately 1.2. 


In view of this one can employ the following method for determining the Fer- 
mi level: 
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1) plot the  (z) curve in the region 
of the Fermi limit and determine 9 (zmiz); 

2) multiply the value of ® (Zmin) Aeter- 
mined in this manner by 1.2; 

3) determine the abscissae at which 
@ (z) has the value 1.2 @ (zmi7). There are 
two such abscissae. The one nearest to 
the spectrum represents the Fermi level: 


@ (Zo) = 1.2 @ (Zmin)- (10) 


The position of the Fermi level z = 2 
determined in this manner differs from its 
true position z = 0; however, for a width 
m>9d this difference does not exceed 0.1 B. 

As noted above the position of Znin, 
and also of z changes relatively little 
with variation of a; moreover, their dif- 

Fig.3. ference Znin — % is even less sensitive to 
variation of a. 

Fig.3 a shows the variation of @ (zpip) with the filling width: curve 1 is 
for filling of the rectangular type; curve 2 for filling of the triangular type. 

Fig.3 b shows the variation of <nj,— z, for the two types of filling of the 
energy bands. Curves 1 and 2 for triangular and rectangular filling, respective- 
ly, virtually coincide and within the accuracy of the calculations (0.01 B) do 
not depend on the filling width. For m>2 


Crim roto —V0le. (11) 


From this we derive a method for determining the distortion parameter: B is equal 
to twice the difference znin— 2.- 


Case when 6 is not Constant 


In the above treatment the width of the levels forming the energy band was 
not taken into account. Actually, however, owing to nonradiative transitions in- 
side the band these levels may have a substantial width and may vary over the 
band. 

It is obviously of interest to consider the question on how Zpin,® (Zmin), p (7m) 
and Zmin— Z Change in the case of variation of 6. 

Let us consider the case when B varies linearly over the band (i.e., within 
the limits of the interval 0 >r > —mfo): 


B (z) = B) —-—z, (12) 


where n> 0. Outside the band f(z) =f). Obviously, np, = Ap represents the 
magnitude of the variation of the distortion parameter over the band. 

Curves 3 & 4 (curve 3 for triangular and curve 4 for rectangular filling) 
in Figs.1-3 represent the variation of Znin,® (Znin)s tp (m) and zmin— zo over the 
filled part of the energy band with n= 0.4m, i-e., under the condition that the 
width of the levels at the bottom of the energy band is equal to 0.2 the width 
a of the filled part of the band. Even with this very appreciable variation of 
the distortion parameter the location of the Zmin ? (zmin) and %p (m) curves changes 
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relatively little as compared with the location in the case when B = const, while 
the Zmin— z. curve does not change at all within the limits of the calculation 
accuracy (0.01 8B), i.e., the value of Zmin— 40 with variable 6B determines the 
value of the distortion parameter at the Fermi level. 
Further, from the data of Fig.2 it follows that although the function }>p (m) 
does change with variation of the distortion parameter B, the change is insigni- 
ficant, and the position of the Fermi level may be determined with an accuracy 
to within 0.1 6 in the manner described above, i.e., by means of Eq. (10). 


Comparison with Experimental Data 


In order to check the above inferences we carried out determinations of the 
position of the Fermi level and the magnitude of the distortion parameter B from 
the intensity distribution curve (Fig.4) obtained by dispersion distortion with 
a parameter B for the density of states curve in the form of a trapezoid with 
width a= 1086. 

As will be evident, the determined value of B agrees with the value of the 
distortion parameter, and the determined Fermi level is located at a distance of 
0.02 B® from the true position of the brim. In addition, we determined the posi- 
tion of the Fermi level and the distortion parameter B from the IB9 emission band 
of niobium. Fig.5 shows the shape of the Nb I8o5 emission band and the function 
@ (z); in this figure we also show the position of the Fermi level determined by 
means of Eq.(10). That this determination is essentially correct is substanti- 
ated by the following juxtaposition of the value of B determined from (11) and 
the known experimental data for the width of the internal level and the appara- 
tus distortion: 

Ba Bg BatBq B 
NbLe, O0.29ev 1.04ev 1.338ev 1.32ev 


Agreement of the value of B determined by the above procedure with the value of 
B. +f, indicates the presence of the Fermi level. In order to illustrate this, 
using the above method, we determined the distortion parameters for the 16 and 
IM lines of niobium. In order to avoid the influence of the satellites of the 
If; line and the effect of the La, line, the distortion parameters in each case 
were determined with reference to the long wavelength side of the line. There 
were obtained the following results: 


Ba, ev Bg ev Ba + Bg, ev B, ev B — (Bq + Bg) ev 
Tg gl) BOs (1.85 1.45 2.43 1.28 
LO BOmaD 4504 1.34 2.66 1.32 


The fact that the calculated value of the distortion parameter B proved to 
be greater than the half-sum of the width of the internal level and the apparatus 
distortion indicates that in this case there is no band (m 0) terminating with 
a sharp brim. Here the value of B includes the half-width of the internal and 
outer levels as well as the half-width of the apparatus dispersion distortion. 

Inasmuch as the widths of the 16, and IM, lines include the width of the 
outer Myy level, it follows from the deduced value of the distortion parameter 


that the width AE of the Mry level of Nb equals 2.6 ev. 


Discussion 


As will be evident from the above data, the values of the distortion para- 
meter B obtained by the proposed procedure are in good agreement with the data 
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on the half-widths of the internal 
levels! and the apparatus distor- 
4 tion, determined experimentally with 
pase reference to classical dispersion 
emission lines. This shows that 
our determination of the distortion 
parameter by means of Eq.(1) is es- 
sentially correct, and so conse- 
quently is the determination of the 
Fermi level with the indicated un- 
certainty. 
The described method of deter- 
Ziminzw STS ZoZmin v mining the Fermi level can be used 
as the first approximation. The 
Fig.4 position of the level can be deter- 
mined with higher accuracy by using 
the relation 


! 
| 
| 
' 
} 
I 
| 


(0) = p(m)p(Znins (13) 


following from determination of the 
function (7m). 

The value of w(m) is determined 
from Fig.2 in accord with the shape 
and width of the filled part of the 
energy band. It must be emphasized 
that in view of the weak dependence 
of wp (m) ona,in refining the posi- 
tion of the Fermi level there is no 
need to establish the precise value 
of the width of the filled part of 
the energy band and its shape: one 

Fig.5 need only know the approximate value 
of a and the form of the function 
f(x). In the curve reproduced in Fig.4 the value of a was taken equal to 12 
rather than 10. 

Correct determination of the Fermi level makes it possible to use a special 
"matrix with cut-off" for re-establishing the true shape of the outer energy band. 

It also appears feasible to develop the proposed method for determining the 
limit of the density of the filled states on the side of low energies and for de- 
termining the distortion parameter in the long wavelength part of the emission 
bands, which is very important for explaining the nature of long wavelength tails 
and determining the spectrum of electron states in different substances. 

The above described method of determining the Fermi level and distortion 
parameter B is also applicable to absorption spectra. Where the width of the ap- 
paratus distortion is known, one can determine the width of the internal level of 
the investigated spectrum. 

It should be noted that this method can be applied only when the intensity 
of the emission band is not distorted by reabsorption. Hence before attempting 
to determine the precise position of the Fermi level, one must either correct the 
emission band for self-absorption or measure the spectrum under experimental con- 
ditions that insure negligible self-absorption. (The Nb LBo emission band repro- 
duced in Fig.5 is virtually free of distortion due to self-absorption. °) 


Zo Zmin 
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The presence of short wavelength satellites will naturally affect the ac- 
curacy in determining the Fermi level; hence where such satellites occur they 
should be subtracted from the emission band curve beforehand. 


Chair of General & Experimental Physics, 
'v.I. Lenin" Kharkov Polytechnic Institute 
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ON FINDING THE TRUE SHAPE OF SPECTRA USING THE SHANNON APPROXIMATION 
- V.P.Sachenko 


To find the true shape of spectra, as well as to solve many other problems 
in different fields of physics and information theory, one must solve the inte- 
gral equation of the convolution type 


-+c0o 

Eo (on) = \ ] (t) @ (w — t) dt, (1) 
where /(x) is the experimentally observed shape of the spectrum, /(z) is its true 
shape, and 9(z) is the distortion function. Difficulties arising in solution of 
(1) are related to the fact that in reality /(x) is always given either graphical- 
ly or in tabular form and always with some (experimental) uncertainty. There ex- 
ist many approximation methods for solving this equation (see Rautian's review 
articlel) , differing as regards the way in which /(x)is approximated. None of 
these methods, however, can be used to find which is the best approximation for 
f(z), Whose existence follows from the instability of the solution of (1) with re- 
spect to experimental error. Further, it is not clear which of the methods is 
best from the point of view of the time expended and the accuracy of the results 
obtained. In this paper we propose a new method for solving (1), a method which 
may be used to answer these questions. 

We assume that the values of /(x) are given at a set of discrete, equally 
spaced points with a separation interval ¢@, We shall call these the given points. 
The set of values of F(x) at these points represents the entire information on F(z) 
obtained from the experiment. Therefore any approximation of /[(x) which reproduces 
or approximates sufficiently well its values at the given points is as good as any 
other in solving (1). From this point of view, no particular method of solution 
has an advantage over any other, but from the standpoint of the amount of work 
involved the simplest will be those approximations whose parameters are the values 
of F(x) at the given points. Examples of such methods may be found in the litera- 
ture?,:3 and may be contrasted with more complicated ones. 4 

Applying the convolution theorem to (1), we obtain 


F(t) =7 (0) 9 (0), (2) 


where F(t), f(t) and (t) are Fourier transforms of the corresponding functions. 
Ordinarily 9(z) has either a limited spectrum of frequencies (as in the case 


sin x 
of 


), or @(t) decreases with increasing frequency so rapidly that one can in- 


troduce a certain maximum frequency (as, for instance, for the case of classical 
dispersion and Gaussian curves, for which g(t) decreases as e-! and e-@?, re- 
spectively). Further, even if j(z) has discontinuities or § function singularities, 
its spectrum will in any case not increase with increasing ¢. It therefore fol- 
lows from (2) that the spectrum of F(z) will decrease with ¢ no less rapidly than 
does p(t), so that it will be essentially different from zero only in a certain 
bounded frequency region. The approximation for F(x) will be the better, the more 
nearly the spectra of the approximating expression and of F(x) coincide. On the 
basis of these considerations, let us choose the approximating function F*(«) (hence- 
forth the asterisk will denote the approximating expressions) in the form 


Fae ieneqayes now a) (3) 


o(z—nd)° ” 
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where n is an integer and o =x/d. 
Equation (3) represents an approximation satisfying the above-mentioned 


In particular, the spectrum of F*(z) is bounded by the frequency 0: 


conditions. 
F* (t) =~ >) F (nd) exp (intd) 8 (t/o), (4) 
where 
ep lelorer ta 
MAN Oct orslzioeaios 


The sum in (3) contains a finite number of terms if there is a finite number 
of given points, and an infinite number of terms if the number of given points is 
infinite. Therefore the present approximation is not restricted by the assumption 
that the section over which F(z) is given is finite. With increasing o, i.e., 
with increasing density of the given points, the information on /(z)also increases. 
Therefore determines the information density, and the total information given is 
obtained from the product of ® and the magnitude of the section containing the 
given points. 

Inserting (4) into (2), we obtain 


P(t) = ~S_ YF (nd) e4'0(¢/00), (5) 
eG Ey malar, 
whence 
. sab 3) F (nd #90 pi(nd—x)t 
i (@) == » (n | = Blt) dt. (6) 


The @ function in the integrand makes the integral converge for finite o. 
The frequency spectrum of f*(z) as given by (5) is bounded by the same maximum 
frequency © as is the spectrum of f*(x). This is quite natural, since w determines 
the amount of information we have on F(x), which cannot be increased by mathemati- 
cal operations. From this point of view F(x) represents the information contained 
in f(z), encoded according to Eq.(1). Solving Eq.(1) then corresponds to decipher- 
ing of the code. 

Let us consider some examples. 

1. Let (xz) be 


(NCS teeta (7) 
then ne 
@ (t) = deform g< 
OF tor i (8) 


and Eq.(2) can be fulfilled only for w<i1. Im this case (6) leads to 


il@bese), G Gd acento ae 


@ (x — nd) 


If, therefore, the distortion function is given by (7), "correction" of F(z) is a 
meaningless procedure. 

These results can be understood quite simply. Because of the particular 
characteristics of §(t) as given by (8), all frequencies greater than 1 are cut 
off in the spectrum of F(z). The information contained in f(x) for frequencies 
greater than 1 is irrevocably lost. Once w= 1 further increase of w does not 
increase the information about F(x) and therefore also about f(x), since in this 
case F(z) is completely defined at any point by its values at the given points. 
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x Thus if the spectrum is obtained by means of an instrument with a distortion 
function given by (7), the optimum separation d between the given points is 1a. 
2. Consider the case in which 


ot) =7 54 (9) 


and 
P(t) —erlal. 
Inserting this into (6) and integrating, one obtains 


* = dis e® [cos @ (x — nd) + (x — nd) sin w (x — nd)] —14 
f(a) =o F (nd) pean sh . 


Let us attempt to find f*(x) at the given points md. Without loss of generality 
one may set m= 0. Then 


~ 1 Se (7 
0) = 5 Fn Ce 


or 


4 tet nN @ 
. ee a as (— 1)"e"—1 
f (0) = = {F (0) (ee —1) “mea STC rd eraeere t (10) 
Thus to find the values of / at the given points it is sufficient to know 
the set of numbers &, given by 


k = a W a tale | 


OC =a Sy 


Further calculations are carried through in 
complete analogy with the method of colums.2 As 


¥ | ep | a | a is seen from (11), the &, alternate in sign. This 


property makes it very easy to approximate the er- 
rors due to discarding terms with large n. If, 
0 | +7,048 9 —0,094 however, the discarded terms are of the order of 
; Teas, a fin es 2 to 5, better results are obtained by the method 
35 | —0,;768 12 +0,049 of Blokhin?, The accompanying table gives the 
: nae tf 5H. 038 values of k, for d= 1(o= 2). 
6 | +0,190 15 —0,034 3. Assume g(x) is a Gaussian. Calculations 
T ent }—0 4.54 16 +0,027 similar to the above will lead to f, that can be 
Seen es used to solve Eq.(1). It need only be mentioned 


that in this case the , decreases much more rapid- 
ly than in the above case. 

The method here described can be used to answer the question of which is the 
best approximation. For the special case of the method of columns this question 
is treated elsewhere.” Let us consider it in application to the dispersive dis- 
tortion curve of Eq.(9). Since the spectrum of this function is unbounded, in 
distinction from case (1), no matter how large o, its further increase will in- 
crease the information on F(z) (assuming that the /(x) spectrum is not limited) and 
would therefore seem expedient. This conclusion is valid, however, only if the 
ordinates of F(z) can be measured with arbitrarily high accuracy. When this is 
not the case, the situation is substantially different. Let us assume for simpli- 
city that the error in the F*(z) at the given points is the same in absolute value 
and equal to «. We shall call this a chance error. Then the maximum change er- 


ror A, in the values obtained for /'(xz) will be 
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Ae = & Yi | kn}. 


In addition to this error, the F*(x) values will contain an additional error 
e-, due to the approximation of (3). Let us call this the approximation error. 
Then the values of /f* (z) will also have some approximation error Az. As » increas: 
es, the approximation error decreases, but the chance error A, increases sharply. 
Therefore ® should have an optimum value opt given by & = &,. In order to esti- 
mate the error of approximation, one can use the asymptotic properties of the 
spectrum of F(z), As has been shown above, the spectrum of f(z) should decrease 
as ce-', where c is some constant. We may write the Fourier transform of the er- 


ror function 


x (t) = F(t) — F* (0) 
in the form 
O store | <u 


les es for 11) a. 


Then . 
(64 COS 7@ xz Sin 7M 
x (2) = Leo | eee 


{ + 2? 
and the maximum approximation error will be given by 


a 


€ ’ 


Maa E 
See 


from which we arrive at the conclusion that 
aU 
opt = a In = Ec. (12) 


Equation (12) is valid for ff (x) containing discontinuities or § function 
singularities. The constant c is the magnitude of the discontinuity or the fac- 
tor multiplying the § function. In this case, however, (12) is only locally valic 
in the neighborhood of the singularity. If f (z). 
contains no discontinuities or § function singulari- 
ties the spectrum of F (x) decreases much more rapid: 
ly than e— and the estimate given in (12) is far 
too high. In this case the optimum approximation 
can be found by trial and error. It is natural to 
suppose that the largest value of é¢, will be at the 
x = nd/2 points located midway in between the given 
points. To find the approximation error, one must 
calculate the value of the approximation function 
(3) at points located at a distance +d/2 from the 

_eestablishment of a points at which the /f*(%) values are given. One may 

‘smeared out'’ triangle. then say that the difference between the calculated 

and the known values of F (x) at these points is ex, 
The approximation (or w) should then be increased (or decreased) until &,, becomes 
equal to .e,- A more rigorous method for finding the optimum approximation in- 
volves using A,. Let iD and /,., denote the values of / obtained at a given point 


for two different values of w, namely, w, and :, with w, << ,. Then w should be 
increased until 


te aol cA 4 | Ag (wo) — Ag (3) |. 
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The above methods can be used to find the optimum approximation or to verify 
the reality of some hump or peak in the f° (“) curve after correction. It should 
oe emphasized that all the above calculations are essentially local, and that the 
value of Wopt they give will be different for different points. 

Our method has been applied to a specific case, with the results shown in 
the figure. The curve b is f(z) and curve a is F(x); the distortion function 
@ (x) is assumed to have the classical dispersion shape. The points give the 
values /* for d= 1. The value of ¢, was 0.3 for the maximum ordinate of 150. 
At points 7 and 8 the approximation error e3 was 0.9, which is considerably great- 
er than ¢«,.. Therefore two points were calculated with d= 0.7 (denoted by crosses 


on the figure). As one may have expected, these points lie closer to the true 
f (x) curve. 


Rostov-on-the-Don State University 
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SHAPE OF THE EMISSION BAND OF IRON. Part I. 
am caheieb bootie ca - I.Ya.Nikiforov 


One of the most complicated and least understood aspects of x-ray spectro- 
scopy is the energy dependence of the transition probability in emission bands 
and at absorption edges. The first problem of x-ray spectroscopy is to explain 
the energy dependence N(E) of the electron-state density in different substances 
This function enters into the expression for the intensity of the emission band 
together with the matrix element P(E,k) of the transition (usually called the 


transition probability): 
i (E) ~ hy \ [P (E, k) / grad E] dS, (1) 


Ss 
where the integration is taken over isoenergetic surfaces in reciprocal space. 
It is often assumed that one can use the directional average of P(£,k)for a give 
energy, thus taking it out from under the integral sign. Then as a result there 
is obtained the product of P(E) and 

N (E) a Va ( dS 


4n? J grad BE’ 
(S) 


I (E) = hv P(E) N (EB). (2) 


To calculate P(E) one must know the wave function VY of an electron in the 
conduction band of the crystal. It is known from group theoretical considera- 
tions! that this function is completely specified by the reduced wave vector k 
and the number of the energy band. The transition probability for different 
values of k but for a single irreducible diagram will, of course, be the same. 
The wave function is usually calculated only for points in the reciprocal lattic 
with a high order of symmetry, since then the symmetry greatly simplifies the 
solution. There exist at present a number of methods for finding Win the singl 
electron theory, among which one may mention the Wigner-Seitz-Slater method? (of 
ten called the cell method), which has been applied successfully to many element 
(Ref.3-5) and compounds® »7 , the strong coupling method® , the method of orthogona 
ized plane waves? , and others. 

The many results obtained by the cell method and their frequent use in the 
interpretation of x-ray spectra has led naturally to studies of P(E) using wave 
functions calculated in this approximation. The probability of transition to an 
internal level is determined by the values of VY inside the atom, where the cell 
method gives the best approximation for ‘’. In the method of orthogonalized plan 
waves, on the other hand, this would not seem to be the case. As a result, this 
method leads to strange results, as for instance, a width of 1.2 eV for the con- 
duction band of ironl0 instead of the experimentally determined 5 eV. 

In the cell method one attempts to find the wave function in the form 


l fo) 
1 Pa pa Gm tei Ee) Y ma, (3) 
m=—l I=0 | 
where Y;,,. is a spherical harmonic, and R, (r, E) is a radial function with /-fold 
Symmetry. More accurately, the sum is taken over several functions which, in 
turn, are combinations of spherical harmonics and are called the lattice harmon- 
ics. The a,,,; are found from the boundary conditions. 
As has been shown elsewhere ,11 the transition probability in the cell metho 
can be written as the product of two factors: the radial factor | 
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"sph 2 


P; (£) = | ( R;(r) rR, (7, E) mdr | 


and the factor P2 (E) ~ a?(£), representing the fraction of electrons in an / state. 
Here i; (r) is the radial wave function of an electron on an inner shell, and / is 
the index of the harmonic whose Symmetry corresponds to a dipole transition to 
the level with symmetry i, 

The transition probability for x-ray emission bands has been studied for the 
case of a simple cubic latticel2 ang a face-centered cube,13 for which P.(E) was 
obtained for the beginning of the K and the LII,11r bands. The present paper is 
devoted to evaluating P(H) in K —V transitions for several directions in |; space 
in a body-centered cubic lattice (Fig.1). We use standard notation!,14 and the 
results obtained by Chodorow and Manning , 14 
who used group theory to study the way the 
a, coefficients, chosen to approximate VY 
to the 14th harmonic, vanish at points in 
Ak space possessing a high order of symmetry. 

Sets of homogeneous equations for the 
4; were obtained by using the boundary con- 
ditions in various directions in k space. 
When the determinants of these sets of equa- 
tions are equated to zero, one obtains equa- 
tions for the dispersion curves, and the 


Fig.1. Symmetric unit (a) and re- a, are found by using the additional normal- 
Cciprocal cells (b) of a body- ization condition. To date we have consid- 
centered lattice. ered only those representations which lead 


to vanishing of all coefficients except those 
multiplying the functions possessing p,dand /f symmetries. These are Az, A; (2), 
and A, for the [001] direction, ¥,, 2s and =, for the [110] direction, and A, (2) 
for the [111] direction. One first determines the ratios a,/a; and a,/a, and then 
obtains the absolute values of the coefficients from the normalization condition. 
For As (2), [001] we obtained 


a YV3Taf, 1 ene Pe a 
ee ny een va, (A)V x (4) 
where the indices 1 and 2 indicate that the value of the function (or its first 
derivative) is taken half-way between the nearest and next nearest neighbors, 
respectively (for instance, p: = R,(r2), where rz = a/2),T = tg (ka/4), a is the lat- 
tice parameter, and ik = |k\|. 
For Y:, [110] the relations between the coefficients are of the same form as 
(4), except that in the first of them d, is replaced by dz, fe by /f,, and I= 
= tg (ka/2),. where k= V2|k/(/2. 
For the Xs representation the wave function will be the sum of four lattice 
harmonics 


(Y = a,i V 3/4n2p + da V 15/8n (az + yz) d+ agi V7/16 nz (522 — 3) f + ai V105/4 n xyzf, 


where «,¥y and z represent the direction cosines </r, y/r and z/r, so that the num- 
ber of relations is larger: 


ay Vara, bas: ee Va a) _ V8T ds yx (5) 


Gq Wile 8pAVS 4% 2j2/Vo 12° a, 2h 


where 7 and k have the same meaning as for 2. 
: For Az there were obtained analogous, but more complicated expressions. In 
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this representation Vis a combination of eight functions 
It is interesting that in all the cases we have stud 
ed a,, the coefficient which determines the probability o 
ns—V transitions, increases as the function p = R, (r) and 
its derivative decrease at the boundary points, which are 
the centers of the faces of the atomic polyhedron (Fig.1la 
The formulas obtained were used to calculate P(E) fo 
the KBs band in Fe. As the potential field of metallic 
iron we used the self-consistent field obtained by Man- 
ning!5 (which he used to calculate the density of electro 
states as a function of energy). The wave functions were 
calculated by solving the Schrodinger equation using Nume 
Z ov's method of finite differences.16 The equation was 
r,at.units written in the form suggested by Hartree,17 which is par- 


1) 


10 


05 


pot 


2 


Fig.2. Normalized ticularly convenient for numerical integration: 

R? r? functions for 

the p electrons in Y (p) — |2rZp=—-en* 4b 0,5)*) V4 (gp) 20, (1 
the conduction band 

of iron for energy where Y = Rr’, p = 1n 1000 r, e =— E (in Rydbergs), and Z, 

eigenvalues € = 0 is the effective charge for the potential, as tabulated b 
(a) and € = 0.6 (b) Manning. 15 

(in Rydbergs). For the initial values of R,(r) and R/(r) we use the 


hydrogen-like functions of Slater. As opposed to the d 
functions, described elsewhere ,11 which are highly energy dependent, the normal- 
ized pand / functions hardly depend on the energy (Fig.2). This is particularl 
true of the / function, as a result of the large value of (/ — 0.5)? = 12.25 in Eq. 
(6). It is clear that the higher harmonics will have a radial part virtually in 
dependent of the energy, which simplifies the otherwise rather difficult calcula 
tion at points where the symmetry is poorest. 

The overlap factor P,(H)for the KB5 band of Fe is found to be virtually ene: 
gy independent as a result of the above mentioned property of the p function, 
whereas for the Lyyzy band it changes by a factor of 2 from one end of the band t: 
the other.11 

The values and first derivatives of the radial functions for nine values of 
the energy (from 0 to 0.4), as obtained by graphic interpolation of the solution 
to (6), were used to calculate a? from formulas such as those of Eqs.(4) and (5) 
(normalized). 

Fig.3 shows the results for three representations corresponding to differen 
directions and subbands: III, IV —(As), V — (3a) 
and VI — (2s).15 These subbands lie close to the 
Fermi limit and would seem to have the compara- 
tively largest fraction of pelectrons. Indeed, 
the deeper subbands (I and II) correspond most 
closely to the atomic d states, and are therefor 
occupied primarily by d electrons. As may be se 
by studying Chodorow and Manning,!4 the II band 
contains only d electrons in the A(A:)and (3.) 


~0,6 -O4 -Q2 0 02 representations (i.e., in the [110] direction). 
f, Ry In all cases treated the energy dependence of a? 
Fig.3. Probability of K~V is of roughly the same character; namely, a? in- 
transitions in the various creases up to the Fermi limit and then drops 
directions in / space: rapidly. The fraction of p electrons was found 


4 . 
A, [004]; 2, [110] to be very low and to depend strongly on directi. 
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In order to calculate the total probability P(#)in the KBs band of Fe, one 
must know a?(E) for all the important directions and subbands. From the coeffi- 
cients we Have so far obtained (Fig.3), however, we may already assert that when 
P(E) is properly allowed for, the theoretical I(E)~P(E)N(E) curve will at least 
in general agree with experiment,18 

In order to compare the theoretical and experimental shapes of the KBs band 
of Fe, one will have to allow for the smearing out of the theoretical curves due 
to nonradiative transitions within the band!9 and to correct the experimental 
curve for self-absorption and the broadening due to the finite thickness of the 
inner level and to instrumental distortions. This requires obtaining the experi- 
mental band with high accuracy and under well-defined conditions. 


Rostov-on-the-Don State University 
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ON THE "DERIVATIVE METHOD" FOR CORRECTING THE SHAPE OF SPECTRA 
- V.P.Sachenko 


The convolution type of equation 
--oo 


F(z) =\fOe@—Hae (1) 
—oco 
is encountered in many fields of physics. For this reason much work (see Rautian 
review article!) has been devoted to numerical procedures for solving this equati 
In the present paper we suggest a new method for solving the equation, a method i 
which the solution is obtained as a series of derivatives of F (2). 
Let us write a solution of (1) in the form 
co 


f(e)= | F@v@—ddes (2) 
here (z) is a new function cnr: the equation 
-+0o 
§ (x) = \eOe@—4 dt, (3) 


where 6 (x) is the delta function. It follows from (3) that p(x) is a generalized 
function. 

Applying the convolution theorem to (3), we obtain (the tilda denotes the 
Fourier transform): 


V 2n@ (0) () = 1. (4) 
Then (xz) is obtained from (4) by taking the inverse Fourier transform 
1 - 1 
zs pete. iat (5) 
() = Gay a 


—oco 


We may write 1/9 (‘) in the form 
ae 
@ (t) 
where u(t) is an even function and v(t) is an odd one. 
Assume that u(t) and v(t) can be expanded in a power series 


= u(t) + iv(d, 


co 
u (¢) = >; an oo 
=0 


e (6) 
v(t) = Syd, 0", 
n=0 
We now insert (6) into (5) and use the fact that 
xz” = Qn (i)"8™ (2), (7) 
where 
Shantse 
yr — \ ere —ixt dt 
Then aid 


oe - 
VO) = Fz DI (— "Land (o) — 1,5" yp, (8) 
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and the solution of the integral equation can be written in the form 


f(z) = = ya a) Sb art) (7). (9) 


Let us consider in detail two cases of practical importance: 


1. Let @ (zx) be 
cl In> — 122 at 
NSE PA te 


a the parameter ais the half-width of the curve at half-height of the peak. 
en 


-Y (a) iS p 4 ks sal n ge”) (x) 


and 


hbnap hacia € Gee (1). (11) 


A similar solution was obtained for the same case in a less general way by 
Paisakhson. 2 


1 
ta | a) 
Then the function ae 
yon 
; g (t) 
has a singularity at i= 0. 
The expression for % (x) is 
4 fen t ixct il ( t 
ek a|t| —w fee Bed a 
» (zx) = Ba \ Caw 60 Ota =| \e cos xtdt. (13) 
—oo 0 


Let us consider the real part of the integral 
-+oo 
\ av el at. 


Expanding e* in a series and making use of (7), we arrive at 


+90 co re 
i —1 ns(2n 
Re \ é. eu dt 28), ore Cag) (14) 
i= 


On the other hand, 
gc : ae 1 
Re \ ete “ di= \e cos xtdt + — rater we (15) 
wks : 1+(<) 
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Comparing (13), (14), and (15) we arrive at 


2ng(2n) (7) 4 = 2119) (16) 


= eo) ee 4)” 
pa) =2 > (2n)! y ma = 
on Neer 
By making use of this expression, we obtain the solution to the integral 
equation with the kernel given by (12), namely, 


ese) -+00 
(= 1)%. see ea F (t) (17) 

f(x) = 2 > (Qn)! (si (2) Ta \ z—t\? dt. 
n=0 =~, 1 +=") 


Calculation of the derivatives 


Equations (11) and (17) are exact solutions of Eq.(1) with the corresponding 
kernels. Thus the solution of the integral equation is reduced to finding the 
derivatives of F(z). If F(x) is given graphically or is tabulated with some ex- 
perimental error, the errors will increase in obtaining the derivatives. This ir 
pa ey. with respect to errors is characteristic for equations of the type of 
(1). 

Difference methods may be used to calculate the derivatives of the graphed 
or tabulated f(z). Without loss of generality we may set a= 1 in Eqs.(10) and 
(12). Then Stirling's formula can be used to obtain the derivatives at the inte 
polation points in terms of central differences: 


(2) NG His A‘F_, 4 ’ 26 
fi a we Ee ASE 4 — a A®F gt a); 


5 49 7 
Wier ew pe ae 
Sarre er 2 ak 
A&8F 
Fe. = ( aoe 
here A*F_,, is the central difference of n-th order, and kh is the tabulation inte 


val of F(x) (in units of a). If e« is the absolute error in the values given for 
F (x), the maximum error of the difference of n-th order is 


(18) 


The squared error in the n-th difference is given by 
ent =a Goer: 
eo'= 2.4528: ef1=8.36e; ef? = 30.4e; ef = 113.6e. 


In calculating the derivatives one should use only finite differences for 
which 


A” aa &7, (19) 
The finite difference will decrease with h, while the error in it remains 
constant for constant «. From this point of view, therefore, it is better to uss 
large values of h. But as his increased, so is the error in the derivatives 
due to the diminished accuracy of the approximation. There must therefore exige| 
an optimum value of h, depending both on « and on the differential properties of | 
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F(z). Unfortunately, we have been unable to establish any general criteria for 


this optimum 2, All we can do is to recommend values of h such that (19) will 
limit the differences used up to the 8-th order. 


Numerical solution of the convolution-type 
integral equation with a dispersive kernel 
ae SS perSive Kernel 


Let us consider in greater detail the solution of Eq. (1) with the kernel giv- 


en by (12). We express the solution obtained in (17) by central differences, go- 
ing only to the 8-th order (,¢ = 1): 


-++co 
a4 d F (#) 
f (x) = 2F —— \ Theat — AA*F_, + BAYR_g— CA%F_,4+DA%_, (20) 


Here A, B,C and D depend on hk. Table 1 gives the values of these coefficients 
for several values of h. 


Table 1 
h | A B Cc D 

0,1 100 841,667 PAM Tho Ths} 9679, 25 

OFZ 25 54,167 02,361 31,791 

0,25 16 22,667 15,141 6,746 

0,3 i Filosi be 14,214 5,648 2,028 

0,4 6, 250 3,776 1,290 0,3543 

0,5 4,000 1, 6667 0, 44444 0, 10317 

0,6 2,778 0, 87448 0,19757 0,04155 

0,7 2,041 0,51714 0,10413 0,020530 

0,8 1,5625 0, 38365 0, 061866 0,011669 

1,0 1 0, 16667 0,027778 0, 0049603 

Table 2 

C 20.5% Aj | i 20.5% Aj i 20.5% | Aj 
1) 2a) 5 = 0,106 0,447 11 0,007 | 0,055 22 0,001 0,030 
1 "0,170 0,277 2 0,003 0,052 23 0,001 0,029 
2 0,053 0,224 13 0,005 0,047 24 0,001 0,028 
3 0,065 0,159 14 0,002 0,045 25 0,001 0,027 
4 0,021 0,138 15 0,003 0,042 26 0,001 0,026 
5 0,029 0,109 16 0,002 0,040 27 0,004 0,025 
6 0,014 0,098 a7 0,003 0,037 28 0,001 0,024 
7 0,016 0,082 18 0,001 0,036 BY 0,001 0,023 
8 0,006 0,076 19 0,002 0,034 30 0,001 0,022 
9 0,010 0,066 20 0,001 0,033 31 0,001 0,021 
10 0,004 0,062 21 0,002 0,032 32 0,001 0,020 


The integral term in the solution can be calculated numerically. Writing 
the integral / (z,) at the point % in terms of integral sums (with h = 0.5), we 
have 2s a - . 

LT (zx) = >; Ao.5iF (Xp-+ 0.57) + > Oy.5i F (4, —0.5t) +Anfn + AmFm, 
i=0 i=0 
‘where F, and /,, are the "effective values of F (x) to the right and to the left 


‘of the interval (z, — 0.5m, Z +0.5n), respectively. 
Table 2 gives the values of a as obtained by Simpson's rule, the values of 
A and those of 2a5.. Thus it is no more difficult to calculate the integral 


term than to solve Eq.(1) by the column method. 


a 


- 1056 - 


Comparison of different methods for solving Eq. (1). 

F(x) is the "distorted" curve. 1 - points of the 

true curve, 2 - points obtained by the derivative 

method, 3 - points obtainei by the matrix method® , 
4 - points obtained by the column method. 
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sufficient accuracy for 
the integral term. The 
A, B, Cand D coefficients 
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COMPARISON OF DIFFERENT METHODS OF CORRECTING THE SHAPE OF SPECTRA 
- I.Ya.Nikiforov, V.P.Sachenko & M.A.Blokhin 


There exist at present several effective methods for correcting the shape 
of x-ray spectra for dispersive and other distortions. Among these are the meth- 
ods of trigonometric series!,2, step functions3, colums*, matrices>, derivatives® 
Shannon's method’, and others8,9, 

The trigonometric-series method can be used to correct spectra for distortions 
of any kind. The method of derivatives was developed to deal with dispersive 
(Lorentzian) and Gaussian distortions, as well as for distortions in the shape of 
a hyperbolic secant, which is intermediate to these. All the other methods apply 
primarily to dispersive distortions; any other form of distortion requires prelim- 
inary calculations which, in principle at least, can always be performed. 

All these methods give the true spectrum only approximately, and no two of 
them give the same results. This is essentially because these methods differ in 
the way that they approximate the initial experimental curve F(z). In fact F (2) 
is replaced by some analytic function, and it is for this analytic function that 
one obtains an "exact" solution. 

In the trigonometric-series method this analytic function is a finite trigono- 
metric series; in the step-function and column methods (using successive approxi- 
mations) it is a series of arc tangents for a dispersive distortion; in Shannon's 
method it is the functions (sin x)/x, and in the derivative method it is poly- 
nomials. 

Thus one might say that in all these methods an inexact curve is corrected 
exactly, the main difference between the methods being the way in which the ex- 
perimental curve is approximated. If, as is often the case for small distortion, 
one has a good approximation of / (x), correction by any of the methods will give 
a spectrum very close to the true one. 

From the calculational point of view, all the methods are also quite similar. 
In the column, matrix, and Shannon methods the ordinate f{(z;) of the corrected curve 
is a linear expression in the values of /(zx) at equally spaced points, i.e., 


i (xi) = DF (2x) a;, (1) 
k 


where the coefficients have been previously calculated and where ;=|i— i|. The 
coefficients a; depend on the subdivision interval chosen; this is equal to B/2 

in the column method (where B is the half-width of the Lorentzian distortion curve, 
and 2786/2 or 78/4 in the matrix method; in Shannon's method these coefficients are 
easily calculated for any interval. In the column method they are also easily cal- 
culated for any subdivision interval other than 6/2. In the matrix method, how- 
ever, this involves a great deal of computation. 

It should be remarked that all the matrices given by Genkin and Rumyantsev® 
involved a fixed set of the a; arranged symmetrically about dp in each row, with 
(ao, On the main diagonal. The aj; are somewhat different only near the edges of 
the matrix (to take account of edge effects). 

The trigonometric-series method is considerably more complicated and can be 
used successfully only with the aid of a harmonic analyzer. 

In the step-function method the ordinates do not have to be multiplied by 
any coefficients. A special ruler is used to obtain numbers whose algebraic sum 
_ gives the correction at the chosen point (which lies half way up the step). Fin- 
ally, this process is easily mechanized (eliminating the necessity for algebraic 
addition) with the aid of a curvometer. To do this one must construct the cor- 
rection function for a step as shown in Fig.1. According to data given by one of 
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authors’, one can also calculate this function 

by using the coefficients of the columns in the 
fifteenth approximation~ (or one can calculate 
them from the coefficients obtained by Shannon's © 
method”). 

To obtain the correction to the ordinate of 
the experimental curve at point 5 (Fig.1) the cor- 
rection curves are placed as shown in the diagram, 
and the curvometer is moved successively over the 
ordinates of these curves in the directions shown 
by the arrows. The upward direction denotes a 
positive correction, and the downward direction, 
a negative correction. The reading on the curvo- 
meter scale is then the desired correction. 

Since each division of the curvometer scale 
represents 10 mm, and the correction is good only 
to 1/4 division, that is, to 2.5 mm; correction 
to within 1 percent of the maximum ordinate of 
the experimental curve requires the following 
scale for Fig.l. Curve I should be drawn so that 
its maximum ordinate be no less than 150-200 mm; 
the abscissa scale is chosen so that B = 20 mm. 
This curve is then broken up into 10-20 steps of 


Fig.l. Correction of a curve equal height. 

by rectangular step functions Curves II and III are drawn to the same ab- 
at point 5: I - experimental scissa scale, and the unit on the ordinate is 

F (x)curve, II and III - cor- chosen no less than 60-100 mm. If these curves 
rection curves for positive are constructed in the ninth approximation in ac- 
and negative step functions cord with Nikiforov's data, their maximum ordin- 
(the scale of curve II and ate will be 240 to 400 mm. 

III has been increased arbi- After performing the above (Fig.1) measure- 


trarily compared with curve I. ments with the aid of a curvometer, the result 

must be divided in the ratio of the scales of the 
ordinates of curves II, III and I. The unit for curves II and III should be equal 
to the height of each separate step into which curve I is broken up. 

It is thus seen that from the point of view of the work involved, the step- 
function method differs sharply from all the others in that it takes relatively 
little time. With a certain amount of practice, however, the other methods are 
also fairly rapid. 

One of the advantages of the step-function method is that it can be applied 
directly to an experimental curve of any shape, and specifically to either an 
emission or an absorption spectrum (for which it is particularly convenient). 

Before correcting any curve, one decides what energy interval or section is 
to be corrected. From this point of view all the methods can be divided into two 
groups, namely, those that can be used for any arbitrary interval, and those which 
have been developed for a certain standard interval (in units of B). The matrix 
method belongs in the latter category; all the other methods mentioned above can 
be used for an arbitrary interval. It should be noted, however, that although 
the trigonometric-series method does not in principle restrict the energy inter- 
val, good results are obtained only for an interval not much larger than the main 
part of the curve. This is because if there is a long tail (even if weak) the ap- 
proximation will be poorer with the same number of terms in the series. On the 


other hand, an increase in the number of terms increases the contribution from 
experimental errors. 
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sete en 
B 
F(x) 
fia) be 
SG a B \ 


Fig.2. Correction of a classical dispersion curve. f(z) is the true curve, and 

F (x)is the experimental curve, I - correction by the derivative method, II - 

Shannon's method, III - column method, IV - matrix method. 6 is the half-width 
of the distortion curve. 


In all cases of correction in the neighborhood of the boundaries of the inter- 
val there occurs some distortion (edge effects). If the method is not associated 
with a standard interval, one may always extend the energy range being corrected 
‘so that the point of interest lies outside the edge-effect region and the correct- 
ed ordinate will be obtained with an error no greater than that for the other 
points of the range. In the matrix method, the use of a preselected standard 
energy interval makes it expedient to correct experimental curves only when the 
part of the curve of interest coincides with this standard interval. 

If the experimental curve is narrow compared to the width of the standard 
interval, or if it has small fluctuations, there will be too few points on the 
section of the curve of interest. If, on the other hand, the curve is too wide 
at the base, the standard interval may be too small. Thus, the use of the matrix 
‘method requires a large number of different matrices corresponding to various inter- 
vals with different subdivisions. If we assume, for instance, that. it would be 
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Fig.3. Triangle (b) dispersively distorted to the shape (a). Corrected curves: 

c - column method, d - Shannon's method with subdivision interval 16/2, and ma- 

trix method with the same subdivision interval, e - Shannon's method with a sub- 
division interval B. 


sufficient to have matrices for four different intervals with four subdivisions, 
we would need altogether sixteen matrices. 

The potentialities of the above-mentioned methods were further clarified by 
applying them to two examples of "distorted" analytic curves whose correct shape 
was known beforehand. The first of these (Fig.2) was an experimental curve of 
classic dispersion shape with a half-width of 1.25 68, which represents a very 
great distortion. (For small distortions all the methods give almost the same 
result, and it becomes quite difficult to pinpoint the difference between then.) 
It will be seen that in this particularly "bad'' case the curves yielded by all 
the methods differ considerably from the true one. The derivative method gives 
the best results, while the matrix method (with a subdivision interval of xB/2) 
gives the worst. Not only that, but the points in this latter method are so 
greatly separated (by 1.5 half-widths) that the curve is poorly defined, i.e., 
there is an appreciable degree of arbitrariness in drawing the curve. 

The second example involves a smeared out triangle (Fig.3). Bearing in minc 
the last point mentioned above, three sets of points were used in the matrix met 
od, all with a subdivision interval of nB/2; this was accomplished by shifting tk 
standard interval by nB/6 and nB/3. The curve obtained exhibits rather strong 
fluctuations. Almost the same curve is obtained by Shannon's method! with the 
same subdivision interval. Shannon's method with a subdivision interval of B 
gives a shape more nearly that of the triangle, but also with fluctuations (of 
higher frequency and smaller amplitude). The column and step-function methods 
give smoother curves which, at most of the points, lie closer to the original 
triangle than do the results of the matrix calculation. 

The similarity of the results obtained by the matrix method and by Shannon’: 
method with the same subdivision interval can be explained by the fact that the 
first coefficients are almost the same for both methods, and these play a deter- 


, 
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mining role. Thus, 


the matrix method suffers in comparison wi s ’ 
(with the same subdi p with Shannon's method 


vision interval) in that it has a restric 

the calculation for smaller subdivisions (which is quite faut cajn ghaattaeecae 
od) is quite difficult and involves a further narrowing of the corrected interval. 
This is because the number of equations (the number of rows in the matrix) is in 
practice restricted, for as the number of equations is increased, the calculations 
rapidly become more cumbersome. 

The fact that fluctuations occur in Shannon's method is related to the ap- 
proximation of the experimental curve by functions of the form (sin x) /Xoan lt 
would seem that the form of the approximation in the matrix method is quite simi- 
lar to this, although this is difficult to show explicitly. In any method the 
curve obtained also has fluctuations, their magnitude depending essentially on 
the value of the second derivative and increasing with it. In the trigonometric- 
series method this effect is known and has been called the Gibbs effect. All the 
methods require the development of a criterion for the reality of such fluctua- 
tions, as well as fluctuations due to experimental errors. 

As a necessary, but not sufficient, condition one may use the following cri- 
terion: since /(z) cannot contain fluctuations with half-width B, (at the mid- 
point of the peak ordinate) less than the half-width B of the distortion curve, 
the corrected /(z) curve can contain fluctuations only if 


B2Af> BAF, (2) 


where AF is the level of experimental errors, Af is the amplitude of the fluctua- 
tions in the corrected curve, and Bo is the half-width of such fluctuations. This 
criterion is established on the assumption of the fluctuations having the classi- 
cal dispersion shape, and will therefore not always be strictly valid. 

In all these methods, when the experimental ordinates are multiplied by the 
a;» these same coefficients will multiply the experimental errors. These coeffi- 
cients depend on the subdivision interval and (in the column method) on the number 
of approximations; therefore the optimum result is obtained by varying either the 
subdivision interval or the number of approximations according to the level of ex- 
perimental error. In the matrix method this is virtually impossible. In order to 
obtain the optimum result one would, in general, have to look for the corrected 
ordinate at each point with respect to a different origin and with a different 
optimum subdivision interval or in a different approximation. This is, of course, 
impossible in practice; a curve can only be approximated in a single definite ap- 
proximation1l0 and a single subdivision interval, but then the most important 
points can be further corrected to optimize the approximation. 

In order to minimize the role played by experimental errors and to obtain 
the best possible approximation, we may recommend the following procedure. From 
the experimental curves subtract a curve whose corrected shape is known, for in- 
stance, an arc tangent, a Lorentzian curve, or a smeared out triangle. The re- 
mainder can then be corrected and added to the analytic correction of the curve 
previously subtracted. Subtraction of a smeared out triangle is particularly 
helpful in the case of emission bands. We also recommend a check on the correc- 


tion by smearing out the curve obtained and comparing it with the original one. 


In summation, we may say that all the above methods are of some use in cor- 
recting the shape of spectra. In choosing the correct method for each specific 
case, however, one should bear in mind the peculiarities and disadvantage of each 


of them, as discussed above. 


Rostov-on-the-Don State University 


1. 
2. 
3. 
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CONCERNING THE USE OF SECONDARY-EMISSION MULTIPLIERS FOR INVESTIGATING 
SOFT X-RAY SPECTRA 
- M.A.Rumsh, A.P.Lukirskii & V.N.Shchemelev 


In connection with the use of secondary-emission multipliers for detecting 
RAS in vacuum x-ray spectrometers there is considerable interest in the regu- 
larities governing the external photoeffect produced by x-rays of different wave- 
lengths in photocathode materials. We have carried out a number of studies! ,2 
for elucidating the basic regularities; these provide the justification for some 
recommendations regarding the choice of photocathode and its mounting in the mul- 
tiplier. 

The basic experimental regularities observed? are consistent with the pheno- 
menological theory of secondary electron emission and can satisfactorily be ex- 
plained by simple phenomenological calculations. 

Such calculations are based on the assumption that the radiation intensity 
absorbed in each microvolume of the photocathode leads to the appearance of mobile 
electrons in this microvolume. It is further assumed that the energy acquired by 
the mobile electrons is due not only to the energy of the primary electrons but 
also to the energy of nonradiative transitions excited in the absorbing atoms 
and to the fluorescence energy absorbed in the photocathode. 

We denoted the mean energy per mobile electron by /; then in a photocathode 
layer of thickness dz, situated at a depth z, there appear dn = dE/E, mobile elec- 
trons, where dH is the energy absorbed in the layer. Thus with the x-ray beam 


incident at an angle 9 to the photocathode surface (Fig.1) there will be produced 
in the layer 


-=—« 
dn = to — F081 amy 5 dx (1) 
electrons per second; here J, is the intensity of the in- 
cident beam, wis the linear x-ray absorption coeffici- 
ent of the photocathode material, and R (§) is the coeffi- 
cient of reflection from the face of the photocathode; 
this coefficient begins to differ from zero at a certain 
small @ and tends to unity with further decrease of 0 
(complete external reflection). 

The electrons appearing in the layer dz are, appar- 
ently, characterized by more or less uniform distribu- 
tion in angles; hence the fraction of electrons emerging 
Fig.l. from the layer in directions in the angular range from 

y to p+dyp to the normal to the photocathode surface 


will be given by 


ip Rk — x 
dn = Jol oE (8) 6 sins sng Sin pap de. (2) 
If it is assumed that the energy of the electrons is appreciably greater than the 
work function, then for determining the emission one must, as is done in the the- 


a 
ory of secondary emission, multiply (2) ebyae cost”, where a@ is the linear coeffi- 
cient of attenuation of the electron flux, and then integrate the resultant ex- 
pression with respect to y in the limits from O to nt/2 and with respect to x from 
0 to mo. Extending the limit of integration to infinity is necessary because the 


p a 
factor Fate see under the integral vanishes even for small x inasmuch as the 
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: -1 
coefficient @, as will be shown below, 1s of the order of 106 cm7+. 


The above integration leads to the equation 


etal ' in(t + gain) (3) 


(My = 9 asin ) 


asin § 
he 
where 7, is the number of electrons emitted per second. Inserting Io = No-, 


where Vy is the number of x-ray photons incident per second, and writing for 
the quantum efficiency defined as n,/No, we obtain 


eee: al : In (4+ rama) | (4) 


2EX a sin 8 
asin § 


According to the data of Partsch & Hellwachs®, a = 10 cem7!, while p for 
not excessively long wavelength radiation does not exceed 104 cm-l, Hence, 


; : a ont 
aon and Eq.(4) can be simplified by expansion of In(t+ #5) into a series 
Such expansion yields 

2 n 
[1—R(8)] he thd ay pb ee Ly ss 2 n 2 = i is (4a) 
aes SEX -t|1- -(<t5)+ 4 (5) ao am 1) —3(aans) ma 
or in the first approximation we can write 
prgemenl See We alee (4b) 


4EX sin 9° 


Two significant inferences may be drawn from the last equation. First, the 
quantum efficiency differs for different angles, and for not excessively small 
angles,where external reflection can be neglected [R (6) = 0], the quantum effici- 
ency will vary with angle as cosec@. Second, if one assumes that a and E are 
independent of the wavelength i, the variation of the quantum efficiency over 
the spectrum will be determined by the variation of p/) . 

Both these inferences were checked experimentally. Fig.2 shows the varia- 
tion of the quantities * and x sin@ as functions of 6, plotted on the basis of 
the experimental data for an aluminum photocathode and Si Ky radiation. Similar 
dependences were observed for all photocathodes and for all wavelengths with 
minor variations in the degree of decrease of «sin§ in approaching the range of 
small angles. Comparison of the very rapid increase of x with decrease of angle 
and the almost constant value of x sin@ substantiates the first inference follow- 
ing from Eq.(4b). Some decrease of x sin§ observed in reducing 6 from 20 to 5° 
is explained by the more precise formula (4a), according to which 


; 1—R h 2 
xsing = Core fi E eae (5) 


asin § 


The additional factor in Eq.(5) decreases with decrease of 9. Variation in the 
degree of deviation of xsin@ from the "constant" value, observed in changing 
photocathodes and in going from one wavelength to another is explained by varia- 
tion in the value of the ratio w/a, which enters as a parameter into the angular 
dependence. The substantial decrease of x sin@ at angles @ < 5° is explained by 
the presence of the factor [1 — R(6)], which decreases rapidly with reduction of 
the angle in this range. 


The variation of log x with log \ for Be, Mo and Al photocathodes is shown 
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Fig.2. Variation of x 
and x sin§@ with 6 for 
an Al photocathode and Fig.3. Variation of log x with log X for 
Si Kq radiation. Be, Mo and Al photocathodes. 


in Fig.3. It will be evident from the figure that at the wavelength equal to 
the wavelength of the absorption edge there is evinced a jump or discontinuity 
of the quantum efficiency x, analogous to the discontinuity of the absorption 
coefficient ww. In the wavelength ranges between the absorption discontinuities 
there obtains linear dependence of log x on log’, indicating that 


urd. (6) 


We determined the values of the exponent from the slope of the rectilinear sec- 
tions of the plots and found that = 2 for Be, n= 1.8 for Mo, and = 1.3 for 
Al. 

Whereas the values of nm for Be and Mo correspond to proportionality between 
x and u/A, inasmuch as 1 ~A™, where m lies in the range from 2.8 to 3, the value 
n= 1.3 obtained for Al indicates the absence of proportionality between * and 
u/A in this case. The value of 7 obtained for Al, as well as for a number of 
other photocathodes, indicates that * varies over the spectrum not only owing to 
variation of p/\, but also owing to change of a and Las functions of the wave- 
length. 

From the plot for Al in Fig.3 one can determine the change in log * in going 
through the wavelength of the K absorption edge. Having the values of % and x”, 
the quantum efficiencies to either side of the absorption edge, we could readily 
calculate og = x'/x" (the efficiency jump or discontinuity) and compare this with 
the absorption discontinuity Sx. 

In a similar manner, using the curves for Mo in Fig.3, we determined the com- 
mon efficiency discontinuity OL a; at the L absorption edges, and compared this 
value with the analogous absorption discontinuity Sy omy We carried out such deter- 
minations for a number of other photocathodes as well. The results are summarized 
in the accompanying table together with the corresponding absorption discontinui- 
ties. 

: It will be evident from the table that the efficiency discontinuities are 
consistently larger than the absorption discontinuities. This lack of correspond- 
ence may be due to abrupt change in the values of # and gq in going through the 
absorption edge. This is plausible since the mechanisms of transformation of the 


Absorption 


Photocathode edge 


L1-R (Oj he 
ZEA 


mo 


Fig.4. Variation of * with 

x=p/asin§.The solid curve 

is based on Eq. (4); the 

dashed line is given by 
Eq. (4b) . 


OTE ZO “JO MERE 


Fig.5. Variation of x 

with @ for an Mo photo- 

cathode and Ca Ky and 
Mo Ly radiation. 
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Oo absorbed radiation into the energy of 
electron motion may be different to 
either side of the absorption discon- 
tinuity. On the other hand, it is also 
possible that the proportionality be- 
tween % and p, implicit in the simpli- 
fied Eq. (4b), actually does not obtain 
in reality as characterized by the more 
accurate formula (4); if this is the 
case there should not be correspondence 
between the discontinuities o and JS, 

Fig.4 shows the variation of x with x= yp/asin6, 
as given by Eqs.(4) and (4b). If a is assumed to be 
constant, then in going through the absorption edge, 
u,and, consequently, xz, should change by a factor of 
Sx« It will be evident from Fig.4 that a S,-fold de- 
crease of x is accompanied by aS,-fold decrease of x 
according to (4b) (dashed line), whereas according to 
Eq. (4) x changes by a smaller factor (solid curve). 

In order to check the validity of this explana- 
tion for the noncorrespondence between o and S' we 
determined the magnitude of the efficiency discon- 
tinuities for Mo and W at different angles: 9 = 20, 
10 and 5°, It was expected that o would decrease 
in going to smaller angles inasmuch as according to 
the curves of Fig.4 the values of Ax corresponding 
to two separate values of zx differing by a factor of 
S should decrease with increase of 7. The measure- 
ment results showed, however, that the values of 
020°, Oioo ANd o5. are the same within the limits of 
the experimental error. Consequently, the noncorre- 
spondence of o and § cannot be explained by the ac- 
curate formula (4), but must be attributed to abrupt 
change of £ and a in going through the absorption 
edge. 

In order to determine how / and a change in 
going through the absorption edge we recorded the 
variation of x with @ for two wavelengths located at 
different sides of the absorption edge. From Eq. (5), 
which gives the decrease of x sin@ in going from @ = 
= 20° to @ = 5°, it is apparent that the decrease 
will be the more appreciable, the greater the para- 
meter w/a. The curves obtained for an Mo photocathode 
are reproduced in Fig.5. It will be evident that the 
decrease of x sin@ in the case of Ca radiation is 
smaller than in the case of Mo ly radiation. This 
can obtain only on condition that (HI) oo x, < (WO) sor,» 


Qe 


WN OD 


Onprono down 
NWO DD 


wounaaia»rs 


= 


and inasmuch as (Worx, > mor, the inferred inequality can only obtain with 


(4) 6, sy ee (2) x60 La” 


Thus in the case of Mo, a in going through the absorption edge 


changes abruptly in the same direction as u, but to a greater degree. 


: 
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A similar variation of a is observed for Al photo- 
cathodes. For Ni, Te and MgO photocathodes (u/a), 4 
i 


is somewhat greater than (w/a), hence a.in going 


through the absorption edge changes abruptly and in 
the same direction as 1), but in this case to a lesser 
degree. For rough evaluation in the change in the 
parameter w/a in going through the absorption edge one 
can make use of Eq.(5), retaining only the first term 
of the expansion. Using the curves of Fig.5 to deter- 
mine the percent reduction of x sin§@ that obtains for 
@ = 5°, one can readily calculate the values of L/a, 
and the change in this parameter in going through the 
Fig.6. Diagram clarifying absorption edge. Evaluations show that in all cases 
the abrupt change in # in w/a changes by an amount not exceeding 50%, whereas 
going through the K ab- % changes by a factor of 2-3 (and even 5 in the case 

sorption edge. of nickel), and that the change is always a decrease 

in going from shorter to longer wavelengths through 

the absorption edge. Comparison of the changes of u/a with the changes of % leads 
to the inference that the electron energy FE also changes abruptly in going through 
the absorption edge, increasing in going through the edge from shorter to longer 
wavelengths. 

All these facts are clarified in Fig.6, where in addition to the curve char- 
acterizing the variation of the photon energy with wavelength (solid line), we 
have plotted the energies of the x-ray levels (horizontal dashed lines). Near 
the absorption edge we have drawn a group of arrows, departing in the A</x re- 
gion from the K x-ray level and in the A >Axregion from the L x-ray level. These 
arrows symbolize photoelectrons ejected primarily from the K shell with 4 <A, 
and from the L shell with } >Ax. The length of the arrows indicates that for 
A << Ax most of the photoelectrons are characterized by a low energy (small £) 
and hence an appreciable attenuation coefficient a (it will be recalled that the 
attenuation coefficient increases with decreasing energy). In the A>Ax region 
the photoelectron energy proves to be appreciably greater, and, consequently, the 
coefficient a is smaller. This qualitative explanation of the results does not 
take into account Auger electrons, but it must be noted that regardless of the 
role played by the Augers, the above argument remains valid. 

Thus the variation of the quantum efficiency over the spectrum is determined 
not only by changes in the parameter ula, but also by changes in a and #. In 
fact, it would appear that the values of and £ affect the quantum efficiency 
to a greater extent than the value of 1, which explains why such photocathodes as 
Be, LiF and MgO, which have a small x-ray absorption coefficient yp, are charac- 


terized by an appreciably higher efficiency than W, BioTe and HgSe photocathodes 


for which »w is appreciable. 
We can now turn to certain deductions that follow from the above data, de- 


‘ductions that are of practical interest in choosing photocathodes for experiment- 


al purposes. In general it will be recalled that secondary-emission multipliers 


have a number of advantages over Geiger counters. Secondary-emission multipliers 
can be used for detecting radiation in any vacuum wavelength interval and are al- 
so suitable for recording in the ultralong wavelength x-ray region, where the 


applicability of Geiger counters is limited by absorption in the counter window. 
In addition, secondary-emission multipliers are capable of incomparably higher 
counting rates than Geiger counters inasmuch as the pulse rise time in multipliers 
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is of the order of 1079 sec, while the “dead time" of the recording circuit can 
be reduced to 10-6 sec or less. By appropriate choice of the photocathode and 
mounting it at a suitable angle relative to the beam, one can always attain a 
high detecting efficiency in a wide spectral range. 

In working with secondary-emission multipliers, however, it must be borne 
in mind that the efficiency of the tube varies over the spectrum and undergoes 
an abrupt change in the region of the absorption edges. This distinctive feature 
of multipliers must be borne in mind in setting up the spectroscopic experiments, 
that is, one must strive to choose a photocathode that will not have any absorp- 
tion edges in the investigated wavelength range. From this standpoint, BeO, LiF, 
and MgO photocathodes are preferable inasmuch as they are characterized by a mini 
mum number of absorption edges and distinguished by high efficiency. 

On the other hand, the strong wavelength dependence of the efficiency of 
secondary-emission multipliers, particularly in the region of the absorption edge 
can be utilized to practical purposes. Thus the discontinuities in the quantum 
efficiency can be utilized for determining the location of the absorption edge of 
the investigated substance. In this case the investigated substance is used as 
the photocathode, which obviates the experimental difficulties connected with the 
preparation of thin layers. Undoubtedly investigation of the fine structure of 
the quantum efficiency of photocathodes, which should be evinced in the vicinity 
of the absorption edge, can yield additional data to further our understanding 
of the interaction of radiation with matter. 

We desire to express our gratitude to Academician A,A.Lebedev for his inter- 
est in the work. 


Physics Faculty, 
Leningrad State University 
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QUANTUM SENSITIVITY OF PHOTOGRAPHIC MATERIALS TO X-RADIATION WITH WAVELENGTHS 
FROM 1.54 TO 113 A 
- M.A.Rumsh, V.N.Shchemelev & A.P, Lukirskii 


We investigated the sensitivity of six different types of photographic film 
to x-ray radiation. The studies in the soft part of the x-ray spectrum (1.5 to 
14 A) were carried out by means of a vacuum x-ray monochromator? ; the studies in 
the ultrasoft region (20 to 113 A) were carried out by means of a monochromator 
with a diffraction grating2. Both these instruments originally had provision for 
detection of the radiation by two detectors, namely, a Geiger counter and an Allen 
type secondary-emission multiplier. The Geiger counters in both monochromators 
were of the retractable type so that they could be introduced into the beam for 
measuring its intensity and withdrawn from the beam in exposing the film. The 
Geiger counters were calibrated to yield absolute intensity values in terms of 
the number of photons per second. 

For investigating the photographic emulsions the secondary-emission multi- 
pliers were replaced by a cassette equipped with a feed mechanism for advancing 
the film. By virtue of this mechanism it was feasible to expose on each film 
strip the requisite number of "markers' with a known integral flux, as measured 
beforehand by the Geiger counter. Depending on the sensitivity of the film and 
the sensitivity of the monochromatic beam, the exposure time for different "mark- 
ers’ varied from 10 sec to 2 hours. 

Specifically, we investigated samples of the following films: RT-1 (PT-1), 
RT-2 (PT-2) (Shostka Plant), RT-2 (Kazan' Plant), RM-1 (PM-1) (Shostka Plant), Agfa- 
Laue, and the experimental NIKFI-45 film (NIKFI = Scientific Research Cinemato- 
graphic & Photographic Institute). In developing the films we rigorously adhered 
to the conditions and developer formulation recommended by the respective manu- 
facturers. For the experimental NIKFI-45 film we used Chibisov's? negative de- 
veloper No.1; the developing time was 4 min. Since the photographic density over 
the area of the "markers" was not uniform (owing to mosaicity of the crystal and 
astigmatism of the diffraction grating), in determining the number of photons 
incident per 1 mm2 of marker, we reduced the marker area to the value correspond- 
ing to uniform density equal to the maximum density in the given marker. This 
normalizing procedure has been described in Ref.4. 

As a measure of the sensitivity we took 1/Nj, where N, is the number of pho- 
tons per mm? of marker with optical density D = 0.2. The variation of log (1/No) 
as a function of log X for the RT-1 film is shown in Fig.1,a. 

Similar curves were obtained for the RT-2 (Shostka) , RM-1 (Shostka), RT-2 
(Kazan') and Agfa-Laue films. A curve of different character was obtained for 
the NIKFI-45 film; this is reproduced in Fig.1,b. The maximum sensitivity of the 
films characterized by a sensitivity curve of the type shown in Fig.1,a lies in 
the region of 3.5 A. The decrease in sensitivity to the short wavelength side 
of the maximum is explained by decrease of absorption in the emulsion with de- 
crease of X; the decrease in sensitivity on the long wavelength side of the maxi- 
mum is explained by that fact that with increase of » the fraction of radiation 
absorbed in the gelatin, particularly in the gelatin of the superficial, covering 
layer, increases. In the ultrasoft region the radiation is completely absorbed 
in part of the top layer of the emulsion, wherein the relative proportion of gela- 
tin is high. In going from 0 Kg toC Ky radiation the absorption in gelatin di- 
minishes owing to the absorption discontinuity in carbon. In connection with 
this, the relative absorption in AgBr increases, with resultant increase in the 
ers the observed jump in sensitivity is explained by the presence of the 
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Fig.l. Quantum spectral sensitivity curves for two films: a) RT-1 (Shostka) , b) 
NIKFI-45. 


absorption discontinuity of carbon on the short wavelength side of the C Ky 

line. The spectral sensitivity curve for the NIKFI-45 film is characterized by 

a monotonic decrease in going to longer wavelengths; the absence of a sensitivity 
jump at C Kg in the case of this film can readily be understood, inasmuch as this 
film does not have a protective gelatin coating. 

In the accompanying table we list the values of No, the number of photons 
per mn2 corresponding to an optical density D = 0.2, for ten characteristic x-ray 
lines for all six of the investigated films. It will be evident that No varies 
in the range from 10° to 108 photons/mm2, Experimental difficulties were en- 
countered in determining the sensitivity of the films to Cu Ly (13.3 A) radiation. 
In order to eliminate fogging of the films by the visible and ultraviolet light 
coming from the tube and reflected from the crystal, the tube window was covered 
with an aluminized celluloid film. Whereas for the hard part of the radiation 
the aluminum layer could be made sufficiently thick to eliminate fogging, in the 
case of Cu ly radiation use of an optically opaque aluminum layer results in re- 
duction of the line contrast, i.e., to increase in the relative intensity of the 
higher orders of the hard radiation. Hence we had to compromise and use an alumi- 
num layer thickness which did not completely eliminate the effect of visible light 


Values of No (in 10° photons/mm2) corresponding to density D = 0.2 


1,537 (CuK,) 3,2 9,4 8 9,6 1,2-10 = 
2,278 (CrK,) oe: 6,0 | 3,7 4,0 5,0 as 
3,20 (Cak,) 2,5 LA Say 2,5 2,8 44 = 
5,395(MoL,) 3,4 5,4 3,3 3.7 6,1 == 
8,32 (AIK,) 6,2 8,4 5,3 4,6 8.5 “3 
13, 93(CaL, | 294710 275-40 434310 1,3-40 1,4-10 a2 
23,6(OK,) | 4,7-102 5,1-102 2,34-102 | 3,9-1402 7,2-402 1,5-102 
44(CK,) | 1,1-102 | 1,15-402 1,90-40 | 3,0-40 1,7-102 2,92-102 
67(BK,) | 9,5-102 9,1-102 22-102 | 1,2-108 8,8-102 3,52-102 
113(BeK,) | 7,8-108 6,6-108 41,57-108 = 5,2-108 4,4.102 
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Fig.2. Blackening curves for the RT-1 (Shostka) film: 1 - 1.537 A (cu Ky), 2 - 
5.395 A (Mo Ly), 3 - 8.32 A (Al Kg), 4 - 44 A (C Ky), 5 - 23.6 A (0 Ky), 6 - 67A 
(B Ky), 7 - 113 A (Be Kg). . 
Fig.3. Blackening curves for the NIKFI-45 film: 1 - 23.6 A (0 Ky), 2 - 
44 A (C Ky), 3 - 113 A (Be Ky). 


but still provided a reasonable degree of contrast. Consequently, there is reason 
to assume that the sensitivity values for Cu lq radiation are overestimates (this 
is evident from the spectral curves). 

It should be noted that the sensitivity of the experimental NIKFI-45 film in 
the 100 A region is more than an order of magnitude higher than the sensitivity of 
the other films. The blackening curves for the RT-1 (Shostka) and NIKFI-45 films 
are reproduced in Figs.2 and 3. It will be evident from these figures that with 
increase of the wavelength the blackening curves shift to the side of larger N, 
i.e., the sensitivity decreases; in addition, the rectilinear section of the cur- 

ves diminishes. The values of gamma (y = dD/d(log N)) determined for the RT-1 and 
' NIKFI-45 films at different wavelengths are the following: 


Film 1.54A 5.4A 8.32 A 23.6A 444 67 A 113A 
RT-1 1.36 1.2 7 eS a a m 
NIKFI-45 ss -- = 2.0 1.95 1.9 1.6 


We desire to express our gratitude to Academician A,A.Lebedev for his advice 
and interest in the work. 
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MAGNETIC SPECTROMETER FOR DETECTING INTERNAL CONVERSION ELECTRONS 
FROM THE (n,yv) REACTION 
- V.I.Pelekhov & A.F.Malov 


Spectrometry of internal conversion electrons, appearing as a result of ab- 
sorption of slow neutrons by nuclei, can yield information on transitions in the 
radiating nucleus, information which supplements the results of investigation of 
leutron capture y-rays by means of a y-spectrometer. In the case of transitions 
vith large conversion coefficients, in addition to energy and intensity values, 
ehere can also be obtained data on the multipolarity of the radiation. Moreover, 
ne can detect transitions of the 0+-»0* type, for which emission of single y-rays 
is absolutely forbidden.1,2 

Hibdon & Muehlhauser? and later Church & Goldhaber4 used a Danysz (180° focus- 
ing, constant magnetic field) B-spectrometer with photographing recording to detect 
sonversion electrons from neutron bombarded targets. Motz1 investigated conver- 
sion electrons emitted from a bombarded target by means of a lens spectrometer. 
jroshev et al° used the magnetic spectrometer commonly employed in their labora- 
tory for measuring y-rays emitted in thermal neutron capture by observation of 
sompton recoils. The referred to investigation of Groshev et al was undertaken 
primarily for the purpose of evaluating the possibility of studying internal con- 
version electron spectra from thermal neutron capture by means of a spectrometer 
with recording of electrons by means of two widely separated counters connected 
in coincidence. All the spectrometers used in the investigations mentioned to 
above were characterized by a relatively low transmission factor, an unsatisfac- 
tory effect-to-background ratio and in the case of the studies of Refs.1 and 5 
relatively low resolution. Actually, measurements were carried out only for Cd, 
5m, Gd, Dy and Hg isotopes with a large thermal neutron capture cross section. 

The lower bound of the capture cross section for which it was feasible to investi- 
pate conversion electron spectra was 500-1000 barns. 

Aside from a spectrometer detecting conversion electrons emitted in the (n,7) 
reaction, designed to utilize a neutron beam for radiating the target, one can al- 
s0 construct a spectrometer with the target located in the immediate proximity of 
the reactor core. The latter variant was recently described by Meier-Leibnitz§. 
However, we chose the former variant. Below we describe the experimental set-up 
operated in conjunction with the Institute of Reactor Technology reactor’ and con- 
sisting of a special magnetic spectrometer designed specifically for analysis of 
internal conversion electrons emitted by nuclei as a result of radiative thermal 
neutron capture. We give some of the electron-optical characteristics of the 
spectrometer and present an example of the internal conversion electron spectrum 


obtained with a Cd113 target. 
Arrangement of the Spectrometer 


The experimental set-up is diagramed in Fig.1. Neutrons from the reactor 
pass through a 10 cm diameter channel in the shielding and strike the target. The 
system of collimators is assembled of boron carbide-loaded paraffin, steel and 
lead, mounted in the channel, limits the neutron beam at the target to 3 x 3.3 cm. 
Since together with neutrons there are incident on the target y-rays from the re- 
actor, to minimize the background of Compton electrons, photoelectrons and elec- 
trons from the electron-positron pairs produced by these 7y-rays, the focusing of 
the conversion electrons from the target is realized in the direction opposite to 


that of incidence of the neutron beam. 


Shielding 


Paraffin + B,C 


1m 


Fig.l. Diagram of experimental arrangement for investigating internal conversion electrons emitted 
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in radiative thermal neutron capture: 1) reactor core, 2) graphite reflector, 3) target, 4) spectro- 


meter, 5) beam catcher. 


The electron trajectories in the 
spectrometer are shown in Fig.2. The 
spectrometer consists of two equal elec- 
tromagnets with an axially symmetric 
field, realizing x/2 focusing of the 
electrons with a central orbit radius 
ro = 30 cm. The two magnets have a 
common magnetic circuit and are connect- 
ed in series; the magnetic fields in 
the magnets are opposed. Optimum design 
requires complete identity of the elec- 
tromagnets. The common intermediate 
focus of the magnetic field is located 
at the point of intersection of the 
central orbit with the plane containing 
the axis of symmetry of the magnetic 
fields. The principle of focusing the 
electrons in two directions was deliber- 
ately chosen in order to obtain an ap- 
preciable acceptance angle without sac- 
rifice in resolution.® This is neces- 
sary in view of the relatively weak 
neutron flux to the target (~109 neu- 
trons cm72 sec71) inasmuch as it is 
located at a distance of about 4 meters 
from the reactor core. 

A projection of the electron tra- 
jectories on the symmetry plane of the 
spectrometer is shown in the upper part 
of Fig.2. The lower drawing shows a 
projection of the electron trajectories 
onto the surface of a cylinder (unrolled) 
perpendicular to the symmetry plane and 
passing through the optical axis of the 
electron beam. The internal conversion 
electrons, emitted from the target T 
located in the field of the first mag- 
net, are collected by the magnetic field 
to the intermediate focus, i.e., onto 
slit S, behind which is located counter 
C, with thin windows. Passing through 
the counter and entering the oppositely 
directed field in the second magnet, the 
electrons are focused onto the receiving 
slit Sg and are detected by counter Co. 
The counters Cj, and Cg are connected in 
coincidence. Thus the experimental re- 
sult is the variation in number of co- 
incidences between pulses from counters | 
1 and 2 as a function of the strength 
of the magnetic field. 

The field of the magnets in the 
Symmetry plane z = O near the central 


=O 79) = 


Fig.2. Electron trajectories in the spectrometer: above - projection of the tra- 

jectories on the symmetry plane of the instrument; below - projection of the elec- 

tron trajectories on a cylindrical surface (unrolled) perpendicular to the symme- 

try plane and passing through the optical axis of the electron beam. T - target, 

Sj and So - spectrometer slits, Cy, and Cy - Geiger-Muller counters. The target T 

is located in the field of the first magnet; the receiving slit So is located in 
the field of the second magnet. 


orbit r=r7ro (r and z are cylindrical coordinates) can be represented by the series 


H,(r,0) = H,{1 ba 1 ) pest ep My (1) 


where a = -1/2. The coefficient B in the third term was chosen equal to 1/8, in- 
asmuch as in this spectrometer the radial divergence of the electron beam is ap- 
preciably greater than the axial divergence9~12, 

Below we give some of the electron-optical characteristics of the spectro- 
meter. First, however, we must define the designations and quantities necessary 
for calculating the spectrometer parameters; we also introduce separate systems 
of coordinates for each of the magnets. The z axes of the 7,q,z coordinate sys- 
tems coincide with the symmetry axes of the fields and are oriented in the direc- 
tions of the magnetic flux in the magnet, as indicated by the arrows in the lower 
part of Fig.2. The angle 9 is measured from the intermediate focus, and is as- 
sumed to be positive in the second magnet and negative in the first. The electron 
trajectories are shown in relative coordinates, which are related with the cylin- 
drical coordinates by the expressions 
: ag Ts k "a4 


Ad ie. (2) 


ro C ro 


k 


i 


where the index i corresponds to the number of the magnet (1 or 2), and the index 
k is introduced only for designating the coordinates and other quantities at the 
three foci: 1 identifies the target focus, 2 stands for the intermediate focus 
and 3 denotes the focus at the receiving slit Sg. The tangent “i of the radial 
angle and the tangent ‘y,, of the axial angle of the electron trajectories at the 
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point (“p;, *E;) are given by the formulas 


are 
Kab,.j = Pi (3a) 
rae 
k dé k do 
k ey. 4 ae 
aes 2 ES a oo 


We designate the maximum values of the tangents of the radial and axial angles of 
the electron trajectories at the initial point (i.e., at the target T) by ¥? and 

yo, respectively. At the intermediate focus (k= 2) the coordinates and tangents 

for the first magnet (i;—1) in accord with the choice of coordinate systems, are 

related to the corresponding coordinates and tangents for the second magnet (t= 2) 
by the expressions 


2 


P2o= — "py, "Eg = —7E1, Ppp = — *p,, and “pz. = — *rp,,. (4) 


Dispersion 


The dispersion of electrons in momentum can be determined by considering the 
particular case of electron motion in the central plane z = O of the magnetic 
field H(r,z). In this case, according to Baranov et al9, the equation ef motion 
of an electron in the first and second magnets for small values of momentum Ap, = 
= p—p, can be written in the form 


(Fas), + + a) pp SP, (5) 


where p is the momentum of the electron, and p, is its momentum in moving along 
the central orbit with r=r, in the field H (7p, 0). 

The solution of (5), defining the electron trajectory in the first magnet 
for the initial conditions 'p,=—'),,—0 is given by 


Apo 
P1(®, P) = Fas are + cosV'1-+ a9). (6) 


From (6), using Eqs.(3a) and (4), for 9 = 0 we obtain the initial conditions 


for electron motion in the second magnet: 


Dene mls Fy Ev Do he « 2S 
Ps = pol +a) and Yrs 4 0. (7) 


Solving Eq.(5) for the initial conditions (7), we obtain the following expression 
for the electron trajectory in the second magnet: 


=i 5 _ ii saGaepereres 
Pe (®, P) fl <1 case 3cosV 1+ a@). 


The dispersion y; of electrons in momentum in the spectrometerl3, defined by 
the linear dispersion 


Ary = 79 (°p2 (a V2, P) —*p (nV 2, po)} = 8r, APO, 
Po 


is given by the expression 
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where e is the electron charge and c is the velocity of light. 

This value of the dispersion is twice the dispersion (= 4/H,) obtaining in 
the case of single x/2 focusing.14 

In all our calculations we have neglected distortion of the electron trajec- 
tories in the narrow section between magnets, as well as electron scattering in 


the target, films and gas of counter C, and the residual gas in the spectrometer 
chamber. 


Resolution of the Spectrometer 


The line half-width A(Hr,) (width at half-height) for monoenergetic electrons 
can be determined on the basis of the spectrometer geometry, taking into account 
multiple scattering of the electrons in the target and the windows and gas of 
‘counter Cj. 


The relative line half-width 2s) associated with the geometry of the in- 
a) 

strument, has been calculated theoretically. According to our evaluations (and 

those of Daniell5) , the electron trajectories in the field of the second and first 

magnets, which does not depend on the azimuthal angle ) and is determined in the 

z= O plane by the series (1) with a= -1/2, can be represented by the equations: 


ps(@) = [te +P (Hpi)? + 28? ey? 4 BE (pe + 


3—88 ,. oy Pe 278 7 , 
5 ("p.i)?| cos a she [2 bri + es ‘94 bre + ae "pi "pei sin a, tr 


+ {5 [2 Pps)? — (*0)?] — y= [2 (pa)* — (es)? |} cos (2 @) + 


I 
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1448 ey 2 Bake my loin fo"? 
eae Pi Wri + a Si tpi] sin (2 p) + 


+ 4 ee [2 (ap,3)? + (Fo)? | a ace [2 (ap,;)2 ++ *E:)°| (9) 
&i (9) = [es i ee bys *tb2i — = Koj +6] cos aE ai 


1 bk ee gis ; ; 
ae [2 fab; — eee 5 Sag, Eby, — ae Kp mp. | sin 25 


k _& . at 
+ B= 3 [aps Mp — et eos (2"*9) + 
3 — 48 Sale Mee 
ae [Meer + tp pa | sin (2"*g) + 


tos "Es (10) 
+ (48 — 1) [bre *pes + i] 


The trajectory equations were calculated to second order terms relative to the 


initial coordinates “pi and *£; and tangents “pi and ‘b,, of the initial angles of 


emergence of the electron from the target (k=1) for the first magnet and the 


intermediate focus (k=2) for the second magnet. 


Applying Eqs.(9) and (10) to the first magnet (i= 1) and using Eqs. (3) and (4), 
we find the initial conditions for motion of an electron in the second magnet (i = 2) 


in terms of the coordinates Jp, and *€, and the tangents ‘),, and 1p, of the angles 
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of emergence of the electron at the initial point on the target: 


a OS ee 2B 


eee” ee led (Mp)? — Beet ey tbe)”; 


8 328 ; 
eo = coe = tO) tei a a Mb, “Mer; 
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Inserting the initial conditions (11) into Eqs.(9) and (10) and setting 9 = 
=n) 2, we determined the coordinates °*p; and °€, of the point of intersection of 
the electron trajectory with the ) = nV 2 plane, containing the receiving slit 
So. The results of calculation carried out to second order terms relative to the 
coordinates 1p, and 1£, and tangents ‘1 and ‘ba of the angles of emergente from 
the initial point on the target can be presented in the form 


Se fy ee (12) 


eba= — Ee 2 at "Py ba et = “pri par. oS 

Comparison of Eqs.(12) and (13) oe the analogous expressions for the co- 
ordinates for the point of intersection of the electron trajectory with the 9 = 
= ny2 plane for a B-spectrometer with simple nV 2 focusing (see Refs.16, 13 & 
8), shows that all the aberration terms in (12) and (13) are increased by a fac- 
tor of 2. Addition of the aberrations in the case of the double spectrometer 
under consideration occurs owing to the opposite orientation of the fields in the 
magnets and the two-fold inversion of the image of the target relative to the co- 
ordinates 7 and z, in accord with first order focusing. 

The width Q** and height h** of the image of the target T at the focus of 
the receiving slit Sg can be calculated by means of Eqs.(12) and (13). For a tar- 
get of area Qxh, where h is the height, for the tangent ‘)? of the radial angle 
and the tangent ‘p? of the axial angle of acceptance, which determine the aperture 
of the electron beam, we obtain 


A 8 88 — 6 
®pp = — "p14 = (te) = (e,)2+ 4 


+e NEY 2 Pe 
Q = EST Fy BB, (pte ¢ LE2B= 121 5. coe, (14) 
* 8B Qh 1288 — 48 
h =h+3-< +! - 5 Aho 9. (15) 


The basic resolution Ry) (Ref.13) of a spectrometer with receiving slit So of 
width Q is given by 
Te ee 2 ee oe 


e {Hro Srp (16) 
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where y is the dispersion (see Ref.8) and Q** is the width of the image of the 
target T at the slit Sg. The relation between the basic resolution / and the 


resolution Ryo determined by the relative line half-width “os for monoenergetic 
0 
electrons, depends on the intensity distribution over the line. 


For practical 
purposes a sufficiently good approximation®,13,16 is given by 


— = 1 
is A igomane 2D Ro. (17) 


Using Eqs. (14), (16) and (17), we find the resolution of the spectrometer as a 
function of the dimensions of the target Q x h, the width Q of the receiving slit 


S2, the tangent :p) of the radial and tangent ‘jp? of the axial aperture angles and 
the field coefficient B: . 


eee pa Ee ee me 
Brame tgs G,) tar 7 OS ee 8S) 


The above calculations of the resolution R:, of the spectrometer were carried 
out on the assumption that there is no collimation or limiting of the electron beam 
by the slit SS}. The maximum opening of slit S,, satisfying this assumption, is 
determined as follows. We establish at the central orbit , = ~ a magnetic field 
Ho for which the centers of the images of the target T on the slits S, and Sp co- 
incide with the centers of the slits. The width of the target image on the slit 
8] (see Ref.13) Q* = G+ A, where A is the sum of all the aberration terms; ac- 
cording to Eq.(14) the width of the image at slit So is Q** = Q42A. For small 
variations of the field H about the Hy value for the central orbit, the difference 
‘(r — ro), between the radial coordinates of the center of the slit (7) and the edge 
(r) corresponding to the image of the target will vary as 


. A— : 
Seri Aer “jo +€- for slit Sj, and (19) 
(r—r)a= —8ry ~ ee + © for slit S2- 
0 


where the plus sign in both equations is taken for the edge of the image located 
at the greater radius. 

Fig.3.shows the radial coordinates of the points of the image of the target 
T on the slits S,; bounded by solid lines) and Sp (bounded by dashed lines) as a 
function of small changes in the magnetic field, as deduced by means of Eq. (19). 
The edges of the receiving slit Sp are indicated by the lines with hatching in the 
figure. The width d of slit S,, as determined from the condition that slit Sj, 
defining the electron beam, covers the image of the target at slit Sg outside the 
boundaries of slit Sg, is shown in Fig.3 by the solid heavy line. As will be evi- 
dent from the figure, on this condition the width d and position of slit Sj de- 
pend on the strength of the magnetic field. If we choose the width of S1 to be 
constant and equal to @ (see Fig.3), the image of the target T on slit S5 will ap- 
pear only in the region indicated by hatching in the figure. In this case the 
image of the target within the range of slit Sg is not limited by slit S 1 and is 
focused onto slit Sg as though slit S1 were absent. The resolution fk, of the 
spectrometer with this width of slit 5, is given by Eq. (18). As will readily be 
evident from analysis of Fig.3, the resolution of the spectrometer does not de- 
pend on the width of slit S1}. The width of slit Sj determines only the height 
of the monoenergetic electron peak. 

We calculated the resolution of the spectrometer by means of Eq.(18) for 
the following parameters: widths of target T and slits S} and So Q= 1 cm, height 
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Fig.3. Variation of the radial coordinates 


of the points of the image of the target on 


slits S] and Soy as a function of small 
changes of the magnetic field. @Q is the 
width of slits S} and Sp. Q* is the width 
of the image on slit S}. (Q**is the width 
of the image on slit So. The region of 
appearance of the image of the target on 


A (Hr) 


slit So is hatched. eee; 
0 


is the rela- 


tive basic line width. 


of target 2 = 3 cm, central orbit 
radius rm = 30 cm, tangent of the 
radial aperture angle yp, = 0.24, 
tangent of the axial aperture angle 
py? = 0.068 and field coefficient 6B = 
= 1/8, and obtained ty, = 0.52%. 
This part of the resolution was also 


found experimentally from the half- 


width of the K conversion electrons 
of 624 kev energy emitted by Bal37, 
These measurements were carried out 
with the electrons being detected 
only by counter Co, i.e., without 
counter Cj. The section of the con- 
version electron spectrum shown in 
Fig.4,a was measured with a Cs137 
source having an area of 1 x 3 cm 
and slits S, and So set toa width 
of 1 cm. The experimental resolu- 
tion (0.56%) differs from the theo- 
retical value (0.52%) mainly owing 
to scattering of the electrons by 
the cladding and backing of the 
Cs137 source. 

Scattering of electrons in the 
films and gas of counter Co leads to 
loss of electrons, reduction of their 
energy by an amount equal to the pro- 
bable energy loss in films and gas 
with a common thickness of ~1 mg/cm?, 
and broadening of the energy distri- 
bution of the electrons owing to ap- 
preciable fluctuation of the energy 
loss.16,17 Fig.4,b shows the K line 
of conversion electrons from the 558 
keV transition in Cd1l14, In this 
case the electrons were detected us- 
ing both counters and the widths of 
the target and slits Sj and So were 
all lcm. According to evaluations!® 
the fraction of the line half-width 
associated with broadening of the 
electron energy distribution in pas- 
sing through counter C) amounts to 
about 0.05%. This increases with de- 


crease of the electron energy and attains the value of ~0.1 at 300 kev.16 

The influence of the thickness of the matter and backing of the target on the 
half-width of the detected line is close to the analogous influence of the thick- 
ness of the source in B-spectroscopy, which has been considered by a number of 


authorsl6,18,19, 
5 mg/em2, 


The thickness of the matter of the target may vary from 0.01 to 


The natural width of the conversion line, associated with the width of the 
corresponding atomic levels20,21, may be evinced in measurements with the given 
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Spectrometer only for transitions 
of low energy €@50 keV) in nuclei 
with a high atomic number. For 
Z * 90 the natural width Ix of 
the K line exceeds the width of 
the L lines.20-23 For Z = 96 the 
width [,~ 100 eV.23 The natural 
conversion line width for nuclei 
with Z > 40 varies according to 
the Z3-4 jaw, 23,24 

Doppler broadening owing to 
nuclear recoils due to y-rays pre- 
ceding the converted transition 
can virtually be neglected. 
20,56 % 


Relative Solid Angle 


The electron beam focused by 
the spectrometer with a 1 x 3 cm 
target is defined by two 5.8 x 20 
cm apertures mounted in the gaps 
of the first and second magnets 
in the |p| =2)2 planes. At the 
intermediate focus the electron 


(L+M) 662 


0 Lice Sarcornc® Dac 0 beam is virtually not limited in 
3300 5400 3500 2950 3000 305 
Hr, Oe cn moe co the z direction. The mean rela- 
tive solid angle of the spectro- 
Fig.4. Conversion electron lines recorded on meter under the given conditions 
the spectrometer: a - transition in Bal37, is given by the formula 
b - transition in Ca114, bas ¢ 
eel) (20 
. Sar? 1s ) 
where Snr? is the relative solid angle for a point of the target with coordinates 


0 


7o1 = 7&1 = O (Ref.9), and 1 and x2 are numerical coefficients. By introduction 
of the coefficient x1, calculated by means of Eqs.(9) and (10) and equal to 0.95, 
there was taken into account the dependence of the relative solid angle on the co- 
ordinates of points on the target. The coefficient 2 determines the fraction of 
the intensity of the image of the target within the limits of the height of slit 
So, inasmuch as the image of the target on slit Sg is substantially magnified in 
the z direction (see Eq.(15)). For a slit height of 4 cm the coefficient x2 ob- 
tained from the z intensity distribution calculated by means of Eqs.(12) and (13) 
equals 0.9; the corresponding values for a slit height of 6 cm is 0.99. The mean 
relative solid angle Q. of the spectrometer, as given by Eq.(20) for a height of 
slit So equal to 4 cm is 0.44%, and for a height of 6 cm 0.48%. 


Design of the Spectrometer 
2 A vertical section through the spectrometer along the symmetry axis of the 
fields of the first and second magnets is shown in Fig.5. 
Z The pole pieces are made of Armco iron, and simultaneously serve as covers 
of the vacuum chamber. The side walls of the chamber are made of 1Kh18N9T stain- 
less steel. The outside diameter of the pole pieces is 92 cm. The width of the 


pki fos\ ches 
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Fig.5. Vertical section of the spectrometer in the plane passing through the sym- 
metry axes of the magnets: 1 - wall of vacuum chamber, 2 - rubber gasket, 3 - 
pole pieces, 4 - magnet winding, 5 - yoke, 6 - lead block. 
b AH/y, 
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Fig.6 Fig.7 
Fig.6. Radial distribution of the magnetic field in the magnet gap. The solid 
line (—12p+ 5?) gives the theoretical distribution; Aris the maximum width 
of the magnetic path occupied by the electron orbits. 
Fig.7. Magnetic field distribution in the intermediate focus, measured 
along the central electron orbit P= Tes 
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gap at the central orbit is 7 cm. The magnets are connected in series in a com- 
mon magnetic circuit by means of a yoke of steel 3. The cross section of the yoke 
perpendicular to the magnetic flux is 324 cm2, The length of the electron trajec- 
tory along the central orbit (Fig.2) is 267 cm. The magnet windings, which con- 
Sist of eight sections of 800 turns each provide a magnetic field Scanp to ~400 
oersted at a current of 1250 ma, which corresponds to focusing of electrons of 

3 MeV energy. The total weight of the spectrometer including the transport dolly 
the shielding plate and the lead blocks inside the chamger protecting the eouncersl 
is about 3 metric tons. 

The radial field distribution was measured in the gaps of both magnets of the 
spectrometer along the lines of intersection of the z= 0 plane with the |9|=a)/2 
planes. In the |p| =x/2 planes the distance of the investigated points of the 
field from the radial section of the pole pieces exceeds twice the magnet gap. 

At the given excitation current the field distributions in all the indicated direc- 
tions measured by the ballistic method agree within 0.5% for the two magnets. Fig. 
6 shows the radial field distribution in the gaps of the first and second magnets 
for the |~|=2 )2 planes obtained at different field strengths at the central or- 


H (r) — H (ro) 
Hf (ro) 7 


bit r=ro. In the figure the vertical axis is scaled in The solid 
line shows the calculated theoretical distribution (see Eq.(1)). The maximum 
width of the magnetic path Ar, occupied by the electron orbits, is indicated in 
the figure. As will be evident, at field strength of 190 and 110 oersted the ex- 
perimental and theoretical distributions agree within the limits of the calcula- 
tion and experimental errors. For a field of ~13 oersted the radial distribution 
changes. The variation of the field configuration with field strength in the 
range of weak fields is due to nonlinearity of the magnetic characteristics of 
the iron.12,25,26 As a result of this variation the resolution of the spectro- 
meter f:,~ 0.6% decreases for electrons with energies under ~300 keV (H) = 70 
oersted) owing to nonagreement of the radial and axial foci of the fields of the 
first and second magnets. Correlation of the fields by means of special coils al- 
-_ lows of improving the fraction of the resoltuion associated with the geometry of 
the instrument to ~0.8% for electrons of ~50 keV energy.* 

Fig.7 shows the magnetic field distribution at the intermediate focus, mea- 
sured in the z= 0 plane along the central electron orbit r=7. Here the verti- 
cal axis is scaled in terms of H/Ho, where Hy) is the field at the central orbit 
in the |p|=2 V2 plane (Ho~ 110 Oe); the horizontal scale is laid off in terms 
of the distance rp along the central orbit from the intermediate focus to the 
given point. The gap between the neighboring radial sections of the pole pieces 
of the first and second magnets is shown to scale. As will be evident from the 
figure, the transition section of the field has a length of ~13 cm, which equals 
approximately 5% of the total length of the electron trajectory along the central 
orbit. 

*After the present report was written and presented at the Eleventh Annual 
Conference on Nuclear Spectroscopy we carried out further work on improving the 
correlation windings. As a result at present the spectrometer is adjusted for 
conversion electrons with energies in the range from 20 to 300 keV as well. 

The part of the relative half-width of the apparatus K electron line dependent 
on the spectrometer geometry equals ~1.9 and 0.8% for conversion electrons of 
29 and 132 keV energy, respectively, when the width of the target T and the slits 


S] and So are all 1 cn. 
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The current feeding the electromagnets is stabilized to within 1 in 104, 

The magnetic field is measured by the compensation method with a permalloy satura- 
ted probe with an accuracy of ~5-1075. The probe is located in the stray field 

of the second magnet. The electromagnet is demagnetized prior to each measure- 
ment by means of an automatic circuit in order to minimize the influence of re~ 
sidual magnetization on the field configuration. 

The pressure in the vacuum chamber of the spectrometer is maintained at 
~5°1073 mm Hg. In detecting electrons with energy below ~300 keV the vacuum in 
increased to ~5:1075 mm Hg. At these pressures one can neglect the effect of 
scattering of the electrons in the residual gas in the entire range of measured 
electron energies. The windows of the Geiger-Muller counters Cj and Cg are made 
of 3 up thick terilene film. The counters are filled with a mixture of 80% argon 
plus 20% alcohol to a pressure of 80 mm Hg. The electron loss in the first count- 
er (C1) amounts to ~50% at electron energy of 531 keV and to ~30% at an energy of 
1278 keV. 

In order to insure the highest specific activity, the targets to be used in 
the spectrometer will be prepared of isotopes enriched to the highest possible de- 

gree. 


Adjustment of the Spectrometer 


For adjustment of the spectro- 
meter one must determine the posi- 
tion of the foci of the first and 
second magnets relative to the inter- 
mediate focus (the location of slit 
Sj) and to establish over the entire 
investigated electron energy range 
the optimum relation between the 
magnet fields, providing the maxi- 
mum height of the recorded conver- 
sion line. Alignment of the symme- 
try planes of the fields of the 
first and second magnets and correct 
I relative location of the target T 
and the slits S, and So is insured 
by the design, machining and assembly 
of the spectrometer. 
Here we shall consider only the 
FA Dy: requirement as regards setting the 
i optimum relation between the fields 
of the two magnets, a requirement 
common to all double systems. 27 The 

<Fig.8. Variation of the height JV) 
(a), half-width A(Hr), (b) and posi- 
tion U, on the calibration scale (c) 
of the 531 keV conversion line (K 
line of the 558 keV transition in 
Cd114) as a function of the cross 
section of the shunt used to obtain 
the optimum relation between the 

magnet fields. 
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Fig.9. Experimental spectrum of internal conversion electrons 
from the Cd113(n,y)Ca114 reaction. 


optimum relation of the fields must be found experimentally owing to possible dif- 
ferences (0.1-0.2 mm) between the gaps in the magnets, the presence of an external 
“magnetic field, the presence of steel objects in the vicinity of the spectrometer 
and the appreciable energy loss by the electrons in the films and gas of counter 
Cj. Inasmuch as the energy loss varies with the electron energy16,17, the optimum 
relation between the fields also depends on the electron energy. Variation in the 
relation between the fields of the magnets is realized by means of magnetic shunts 
- a set of steel plates with a cross section of 10-15 mm? - which are used to “short” 
the gap of one of the magnets. The shunts are applied to the outside circunfer- 
ence of the pole pieces at the maximum distance from the electron trajectory. 
Tests showed that shunting does not affect the focusing of the electrons by the 
given magnet. Fig.8 shows the relative variation in the height Vo, half-width 
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A(Hr),, and position U, on the calibration scale of the K conversion line of the 
558 keV transition in Cal14 as a function of Acs, the transverse cross section of 
the shunt in the first magnet, used to obtain the optimum field relation. The 
character of these dependences can be explained by means of Fig.3, if one takes 
into account the intensity distribution over the image of the target on slits S] 
and So. As will be evident from Fig.8, for establishing the optimum relation be- 
tween the magnet fields one must select the proper cross section of the shunt 
with an accuracy of ~5 mm2, The variation of the cross section of the shunt as 

a function of the strength of the magnetic field was obtained for conversion elec- 
trons of 290, 531 and 1278 keV energy by means of curves similar to that repro- 
duced in Fig.8,a. 

To evaluate relative energies in investigating conversion electron spectra 
we have plotted calibration curves on the basis of electrons of known energy. 

To illustrate the type of spectra obtained by the spectrometer in Fig.9 we 
reproduce the experimental spectrum of internal conversion electrons emitted in 
the thermal neutron irradiation of cadmium. The ~0.8 mg/em2 thick target of cad- 
mium oxide, enriched to ~85% calls, was located at a distance of ~9 meters from 
the reactor core, in distinction to the geometry shown in Fig.l. The background 
measured with the neutron beam shuttered by a ~1 mm thick cadmium plate at the 
exit from the reactor shielding, amounted to 0.3 coincidences per min and was sub- 
tracted in plotting the reproduced spectrum. This low background is attained 
mainly by using the coincidence procedure for detecting the conversion electrons, 
focusing them from the target in the direction opposite to that of incidence of 
neutron beam, high dispersion of the instrument, the presence of slit S5, and the 
appreciable separation between the counters (48 cm) as well as between counter C9 
and the beam (85 cm). Chance coincidences do not exceed 0.05 per min. The indi- 
vidual loadings of counters Cj and Coy in measuring sections of the spectrum be- 
tween intense conversion lines differ by a factor of ~13. 

The low background level makes it feasible to use the described instrument 
for investigating internal conversion electron spectra of isotopes with a rela- 
tively small cross section for slow neutron absorption. With a thermal neutron 
flux of ~109 neutron cm~? sec~! to the target, the lower bound for the neutron 
absorption spectrum for bombarded nuclei with Z > 50 is ~50 barns. 

We desire to express our gratitude to L.V.Groshev and A.M.Demidov for guid- 
ance in the work, D.V.Pavlov for useful suggestions in discussing the design of 
the spectrometer, I.M.Kamyshev for working out certain design details and prepar- 
ing the drawings, A.C.Volkov for designing the control equipment and supervising 
its installation, and F.V.Nemtsov for high quality workmanship in assembling the 
spectrometer. 
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INVESTIGATION OF THE POSITRON AND CONVERSION ELECTRON SPECTRA OF Tpls2 
- K.Ya.Gromov, B.S.Dzhelepov, Zh.T.Zhelev & A.V. Kudryavtseva 


The present work was devoted to investigation of the B* and conversion elec- 
tron spectra of Tb152 by means of a triple focusing B-spectrometer!, 

The terbium fraction was separated from a tantalum target bombarded for two 
hours with 660 MeV protons. The fraction contained several groups of terbium iso- 
topes with close periods: Tb!50 (3.5 hr) & Tbl49 (4.1 hr), Tb154, Tph152 g Tp151 
(17-20 hr), Tb453 (62 hr) and Th!55 (5.6 day) & Thl56 (5.2 day). 

The conversion electron spectrum and B*t-spectrum of the terbium fraction are 
rather complicated; hence difficulties are encountered in attempting to interpret 
them. Actually, for correct identification of the lines one should investigate 
the spectra of the separated isotopes. In the present case, in order to obtain 
Tb152 in almost pure form we separated the terbium from the dysprosium fraction 
extracted in the usual manner from the tantalum target. The dysprosium fraction 
was first held for four hours; during this time there could build up in it Tb152 
from 2.5-hr Dy152 and smaller amounts of Tb153 from 6.3-hr Dy153 and Tb159 from 
10-hr Dy155, 


Conversion Electron Spectrum 


The conversion electron spectrum of Tb152 has been investigated repeatedly27-7,. 
The results of different authors as regards the region up to 600 keV are generally 
in good agreement. The 600 to 1100 keV section has been investigated only in the 
work of Anton'eva et al2 and Toth et al’. Anton'eva et al observed lines with 
energies of 977 + 5 keV (T = 8 hr) and 1050 + 5 keV (T = 18 hr), which they attri- 
buted to decay of Th154 (at the time Tb!52 was not known). Toth et al observed 
only one of these: the K line of the 1047 keV transition. 

We investigated the conversion electron spectrum of Tb152 in the energy range 
from 530 to 1550 keV, and detected 12 conversion lines. The conversion spectrum 
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Fig.1 Conversion electron spectrum of Tb!52 in the 530 to 1550 keV energy range 
The hatched lines belong to Tb153, 
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is reproduced in Fig.1; the data per- 
taining to the detected lines are 
oe Hats: in foes l. Our data ES CER 
e nes observed by Toth et al‘ are 
WM in agreement, within the limits of 
the experimental error, with the ener- 
gy and intensity values of these 
authors except for the K1047 line, 
for which Toth et al reported an in- 
tensity twice as great as ours. 

The newly detected transitions 
with energies 699, 760, 932, 976, 
1120 and 1325 keV and the earlier 
known 589, 617 and 1049 keV transi- 
tions can readily be accomodated in 
the level diagram for Gdl52 (daughter 
of Th152 and Eul52) given by Toth et 
al’ (Fig.2). In addition to the 
earlier known levels in Gd152, which 
are excited in B--decay of Eul52 
(Ref.8), Toth et al introduced two 
new levels at 929 keV (1+ or 2+) and 
1047 keV (0+). In the recorded con- 
version electron spectrum there ap- 
pear lines corresponding to cross- 
over transitions from these two lev- 


344 F2 100 \271 £2 19, 


a ye VA 


ot els to the ground state of Gd1l52; 
152 this substantiates the low spin val- 
sabteg ues assigned to these levels. The 
Fig.2. Decay scheme for TH152, 760 + 4 keV transition apparently de- 
parts from the 755 keV level to the 
Table 1 ground state. If this is 
Data on the conversion electrons of Tb152 the case, the spin of the 
= 755 keV level cannot ri 
Transition encrey (Toth et al give 2,(4)*); 
rea ection ae | tiait Pas eH accordingly, we opt for 2. 
| Toth et al report that they 
7], 588 [5], observed 780 keV y-rays 
eee oe oi “ 589 [21'587,3 [6l, that are in cascade with 
reat sy y-rays of 344 keV energy. 
56742 K 617 9,2 18 ay ad das aie 
809.3 L617 2.0 19 615-[4, 7], 615,9-(6] We were unable to distin 
649+4 K 699 0,22 24 < guish the K780 line; it 
71044 K 760 ee a e must be at least four times 
88245 K 932 0,039 ~ 20 977 [% 
926-44 K 976 0,19 1. fos 10) tn weaker than the K760 line. 
998,5+4 K 1049 0,22 1050 [4], 1049 [5]. In the . eke 
0,11 ~18 “= energy region we also de- 
ieunae 1265 0,030 gx'8 RG tected two lines, apparent- 
1275 +10 K 1325 O02 Sie a ly, K829 and K887, the in- 
1530+14 K 1580 — 


tensity of which fell off 
with a period of 2.5-3 days. 


Probably, these belong to 
Tpl53, 
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Fig.3. Kurie plot of the B+-spectrum of Tb152, 


Table 2 B*-Spectrum 
Data on the positron 
spectrum of Tphls2 In 1958 Anton'eva et al? observed a positron spec- 
trum with T + 18 hr consisting of components with end- 
Compo-| E.., keV 8; /B point energies 750 + 100, 1650 + 80 and 2800 + 50 keV 
nent os * and relative intensities 0.15:0.25:1. At the time they 
attributed this spectrum to Tb154, 
Ba 2820+40 4 In 1960, Bonch-Osmolovskaya et ajil in working 
. eas Le with a dysprosium fraction observed build up of a 


positron spectrum, which they attributed to Tb152 on 
the basis of the available data. The end-point ener- 
gies were determined as 1650 + 100 and 2700 + 100 keV, 
and the relative intensities as 0.33:l. 

As noted above, in the present work we investigated the positron spectrum of 
Tb152, The Kurie plot is reproduced in Fig.3. It will be evident that the B*- 
spectrum is complex and consists of at least three components. The data on the 
positron spectrum are listed in Table 2. 

According to the calculations of Riddel? and Cameronl0 the Tb152 - Gql52 
mass difference equals 2181 and 3278 keV, respectively. As will be evident from 
the table, according to our data, the mass difference for these isobars is at 
least 2820 + 40 keV. The accuracy in determining the end-point energies of the 
other two components is relatively low and it is impossible at present to deter- 
mine what levels they feed. 

We desire to express our gratitude to I.A.Yutlandov and Yu.Norseev for pre- 
paring the sources. 
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INTERNAL CONVERSION COEFFICIENTS OF SOME TRANSITIONS IN YbL71 
- N.M.Anton'eva & B.S.Dzhelepov 


Lutetium-171 decays by electron capture to different excited states of ybi71, 
Investigators!~3 have reported over 30 transitions in Yb171 with energies in the 
range from 19 to ~900 kev. Accordingly, the decay scheme is very complicated and 
in order to plot it one must know the spin assignments, and to establish these Lt 
is essential to determine the multipole orders of the transitions in Yb171, 

In view of this we undertook to measure the internal conversion coefficients 
for some of the transitions in Ybl71 by means of the photoelectron-conversion elec- 
tron procedure developed by Adamchuk, Bashilov & Preobrazhenskii*, In this pro- 
cedure Qx is determined by measuring for the same source the number 7”, of conver- 
sion electrons and the number 7, of photoelectrons ejected from a calibrated radia- 
tor by means of a magnetic spectrometer. The value of the internal conversion co- 
efficient is given by the formula# 


Oy = gre 
ny 

where T is the photoelectric absorption coefficient and g is a function of the 
energy and the parameters of the instrument and can be determined by means of 
special calibration experiments using sources emitting y-rays with known conver- 
sion coefficients. In the present experiments we used a bismuth target (o = 1.6 
mg/cm) , i.e., the same radiator as was employed by Adamchuk, Bashilov & Preobra- 
zhenskii*. However, in view of the fact that in our experiments with Yb171 we 
used an appreciably larger source it was necessary to correct the calibration of 
the radiator; this was done with reference to Cs137 y-rays from a source of appro- 
priate size. 

We determined the internal conversion coefficients for two nuclear transi- 
tions in Yb171; the 668.2 and 740.9 keV transitions. The activity was obtained 
from a tantalum target bombarded with 660 MeV protons in the Joint Institute for 
Nuclear Research synchrocyclotron for 12 hours. The rare earths were extracted 
from the Ta target and then separated chromatographically into elementary frac- 
tions. The lutetium fraction was held for ~10 days prior to measurement. 

The conversion electron and photoelectron spectra with the background sub- 

tracted are reproduced in Fig. 

l and Fig.2. It must be noted 
K740,9 that the photoelectron peaks 
were observed against a sub- 
stantial background due mainly 
to Compton recoils from the 
hard y-rays. 

Our experimental results 
are summarized in Table 1. The 
figures represent averages for 
several series of measurements. 
The intensity ratio Kogs.o/K749.9 = 
= 0.29 + 0.01. According to 
the data of Harmatz, Handley & 
Mihelich3 this ratio equals 
3350 9500 3580 3600 Fodecn eat Rbis Civergence ea 

y explained by the fact 
Fig.1. Conversion electron spectrum of Lul71 in that Harmatz et al recorded 
the region of the K668.2 and K740.9 lines. their spectra photographically 
N = thousands of pulses per min. a procedure that involves ap- 
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Table 1 
Experimental data for the 668.2 and 740.9 keV y-transitions in Yb171 


E,, keV t, cM-} g-10", om 


668 , 2 | 0,457 iS 29z=1 BREED 3443 
740,9 0,364 1,76 100 


preciable errors. 


= Kg, 740, 9 Our results also allow of 
dk. calculating the relative y-rays 
intensities: I[¢¢,5/Iz4)., = 0.26 £ 
| + 0.03. Hitherto the relative 
intensities of the y-rays of Lul71 
60 have been measured only in the 
work of Lebedev et al° by means 
of a scintillation spectrometer. 
The 668.2 and 740.9 keV y-transi- 
40 tions were not resolved in this 
Noy 668.2 investigation. 
Eloy Our experimental values for 
the internal conversion coeffi- 
20 cient are compared with the theo- 
retical values® in Table 2 and in 
Fig.3. It will be evident that 
A oak s 0 both transitions can definitely 


3150 3200 3300 3400 3450 9500 be identified as El. 
Hy» Ve CM Harmatz, Handley & Mihelich? 
Fig.2. Spectrum of photoelectrons ejected by propose a decay scheme for Lul71l 
the 668.2 and 740.9 kev y-rays of Lul71 from in which the 668.2 keV transition 
a bismuth radiator (tT = 1.6 mg/cm) . N = is located between levels with 
= pulses per min. 7/2- and 9/2+, and the 740.9 keV 
transition is shown in two alter- 
nate locations: between 7/2- and 7/2+ and between 9/2- and 7/2- states. Our re- 
sults are in agreement with these assignments for the 668.2 keV transition and 
with the first alternative for the 740.9 keV transition. 


Table 2 
Multipole orders of the transitions in Ybl 
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Fig.3. Theoretical values of Og according to Sliv 

& Band® for different multipole orders as a func- 

tion of energy for Z = 70. The two asterisks re- 

present the experimental values of OQ, for the 668.2 
and 740.9 keV transitions. 
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CONVERSION ELECTRON SPECTRUM OF Tm165 


- Kang Meng-Hua, K.Ya.Gromov, B.S.Dzhelepov, 
V.Zvol'ska & I.Zvol'skii 


The conversion electron spectrum of Tm?®5 has been investigated by Gromov et 
~all,2 and by Mihelich & co-workers3>4. Dzhelepov & Peker® in their book analyze 

the decay schemes for Tm165 given by different authors and propose a more complete 
level diagram. The existence of levels with energies with 77.2, 243.0, 296.2, 
297.5 and 356.6 keV has been proved by e -e™ coincidence measurements in the work 
of Dzhelepov & Sergienko®. Of the 65 transitions now known to occur in Erl65, 41 
do not fit into this scheme. It is obvious that one must introduce new levels - 
primarily high-lying levels. Accordingly, the present work was concerned with 
determining the energies of the y-transitions in Er165 to within 0.1%, mainly with 
a view to introducing new levels into the decay scheme for Tm165, 

We investigated the conversion electron spectrum on a double focusing B-spec- 
trometer with the magnetic field being monitored by the method of proton resonance 
in the electron energy range above 55 keV and by the method of a saturated probe 
in the lower energy range. The thulium activity was obtained by chromatographic 
separation from a mixture of rare earth elements produced by bombardment of a tan- 
talum target with 660 MeV protons. 


165 


' Decay scheme for Tm 
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Table l 
Energies of y-transitions in Er165 and relative intensities of the K conversion lin 
Gromov ct alt*9 Harmatz et al* Our data 
ee hy, keV | I hv, keV | I hy, keV I 
{* se 15,45 =< = ine 
2 = == 30,05 = = a 
3 A. 35,2 ‘= — = 
4 es rz 47,15 a diets xs 
5 53,2 = ; =. 
6 \ 93,2 —{ 54,45 = 54,50 = 
7 ll 09,15 aes = ¥ 
8 = is 60,4 a 60,5 a 
gx = a 70,6 250 70,6 
10 77,4 140 Wee 90 Pa a 
14 82,3 82,25 419 82,3 = 
12% as 86,9 weak = - 
13% pat 88,2 20 = = 
14 112,8 59 113,6 300 113,8 = 
15 _ ang 151,0 8 151,0 9+4 
16 165,4 7 165,8 7 165,6 S+4 
17 ae Lak 196 ,0 5 195,9 4,5+0,8 
18 ee _ 210,3 4,5 210,2 4,6+0,6 
19 219,5 157 2193 132 218,9 132+10 
20 2428 1000 253 1000 243 ,0 4000 
wW 279,0 7 2794 6,6 2793 5,7+0,6 
99 \298 A f 296 ,5 70 296 3 T4+10 
23 297,8 115 297,5 125414 
4 307 ,0 4 307,3 2,5 307,2 2,6+0,3 
25% | 3124 10 312-7 10 312.3 8,041,5 
26 330,7 4 334 ,4 nF 331 ,0 2,540,3 
oT 347 3473 35 3474 3649 
28 356,9 356,9 20 356,6 19+2 
29* | 366,0 6,0 365,9 6,1 365,6 4,4+0,9 
30* | (~378) 4 ee — sea = 
31* | 389,4 4,3 389,7 44 3894 4,3+0,9 
32 421 9 1,5 420,7 1,3 4213 4142052 
33x | 443,6 Do 442,,6 41,5 4432 4,440.5 
34% | (449, 1) 2,4 448 4 ts 448 7 1,4+0,3 
35 457 ,2 e 456,1 5,7 456 ,4 6,9+1,5 
36 460, 4 460,3 41,3 460,3 13,0+41,7 
37 A471 6 27 4745 1,9 472.2 1,5+0,3 
38% | (478,5) 2.8 477, 4 2,1 4781 1,9+0,3 
39* | 488 2 6,0 487,14 5,3 487,8 4A,7+1,4 
40 ee Pe 513,4 1,6 514,4 4440.3 
41 * = = 526,8 1,9 5272 2203 
42 543,5 5,4 5426 4,6 543,14 4,3+0,4 
43 * = 558,4 44 559,4 1,5+0,3 
44 566, 0 1,0 564,3 8,5 564,5 8,9+1 
45 * oe A 575,0 hod 574,9 <1,4** 
46 ae ae 590,0 3,4 590,7 <3,3 *** 
47 26 a 623,5 ~0,6 6232 0,7+0,3 
48 + oe 665,3 1,0 665.3 1,040.3 
49 beg = 677,5 0,45 678 ,2 0,32+0,13 
50 = 681,3 a8, 681, 4 0,29+0,12 
St 699,3 14 699.7 1.5740.5 
’ OEM 7 ’ ’ Ss 
53 807,14 17 807,4 14,5 on : : sae He 
54 838, 3 tnd 838 4 0,7 839.2 0,9+0,2 
55 * — — 893, 1 0,4 ‘a ee 
56 = = 933,5 0.4 - mad 
ar me rs 953,4 0,15 954,1 0,25+0,08 
Sack He 9 1132,6 0,3 1132,8 0,5+0,15 
60* | ~1154 ait, f 54 mi 
64 1179 0'5 1154,7 0,13+0,07 
i vag 0,5 te 0,44 1185,6 0,5+0,1 
o a a : 0,17 1382 0,1740.08 
a =F 1428,5 0,35+0,15 


*Transition not accomodated in the decay scheme. 
**Together with the L526.8 line. ***Together with the L542.6 line. 
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Table 2 
Energy balances in the proposed Er!§5 jevel1 diagram 


Energy of cross-over Energy of cross-over 
Assumed transition or sum of transition or sum of 
level energies of transitions energics of transitions 
energy departing: from the giv— departing from the giv— 
eeye= en level, keV 3 ene Levels kev. 
Cascade Sum Caseade | Sum 
Cross—over 6 —Ove: 
47,15 transition 47,15 Gas 665,3 
ahah hana 664,5 243,0-+421,3 664,3 
aie transition 7782 356 ,6-+307,9 663,8 
47 ,15+30,05 * 77,2 Crone nee 
| Cross—over transition 699 ,7 
243.0 transition 243 ,0 | 699,6 243 ,0+456 ,4 699 ,4 
y | 47 ,15+195 ,9 243,0 664 ,5-+-35,2 * 699,7 
77,2+4165,6 242,8 ots 
Crossover anges 807.5 \ ney 807,5 
D) ransition ’ : ; ; 807, 
sp 77,2-1-218,9 296 14 - ; 
243 ,0+53,2 296 ,2 243 ,0+678, 2 921 ,2 
; Cross—over 297 ,9 +623 ,2 920,7 
297 ,,5 { transition 297 ,5 9214 356,6-1564,5 920.7 
243 ,0-+54 ,4 297 ,4 590 ,8-+-331 ,0 921,8 
Cross—over 
transition 306 , 6 47 154-933 ,5 * 980,6 
356.6 77,2+279,3 306,95 980.4 396 ,6-+623 ,2 979 ,8 
2 243 ,0+113,8 306,8 ; 907 ,6-+-472 ,2 979 ,8 
296 ,2-+-60,5 306 ,6 590, 6-+389 , 4 980,0 
297 ,o-+59 ,1 * 306 ,6 Cross—over 
Cross—over transition 1382,0 
is f transition 507,4 590,6--791,9 1382,5 
? \ 297 ,5+210,2 907 ,4 1381 ,8 699 ,6-+681 ,1 1380 ,7 
356 ,6+151 ,0 507 ,6 807 ,5-++574,9 1382 ,4 
Cross—over bation, 921 ,1+-460,3 1381 ,4 
transition ’ Cross—over 
J 77,2+514,4 591,6 47 ,15+-1382 ,0 4429,1 
243 ,0-+347,1 590,1 243,0+1185,6 1428,5 
507 ,6+82,3 089 ,9 1429 ,5 297 ,5+-1132,8 1430,3 
590 ,6+839 , 2 1429 ,7 
807 ,5-+-623 ,2 143057 


*The energy values for the 30.05, 35.2, 59.1 and 933.5 keV transitions have been 
taken from Harmatz et al4. 


The relative intensities of the K conversion lines and the corresponding tran- 
sition energies are listed in Table 1, together with the data of Gromov et al1,2,5 
and Harmatz et al4. It will be evident that our data on the energies are in good 
agreement with the results of Harmatz et al. 

On the basis of the transition energies listed in Table 1 we attempted to 
identify new high-lying levels in Er165, The most plausible level diagram is 
shown in the accompanying figure. We cannot claim, however, that this diagram is 
definitive. In view of the great number of transitions in Erl65 even with the 
relatively high accuracy in determining transition energies attained in the work 
of Harmatz et al4 and in the present experiments, there are many cases when the 
the sum of the energies of two transitions is equal within the limits of the er- 
ror to the energy of a third transition. In many such cases identification of 
true cascades is a difficult problem. This is illustrated by the fact that some 
transitions can be located in the proposed scheme in several places: thus, for 
example, the 623.2 keV transition can be inserted in any one of three locations. 

Different ways for arriving at the energy values for the levels in Erl65 are 
shown in Table 2. It will be evident that the level energies determined by sum- 
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ming the energies of different transitions are in good agreement. It will be evi- 
dent from Table 2 that our data on the transition energies substantiate the exis~ 
tence of levels with energies of 590.0, 665.3 and 807.4 keV proposed by Gromov & 
Dzhelepov®. According to our measurements the more accurate values for the ener- 
gies of these levels are 590.6, 664.5 and 807.5 keV. On the basis of the energy 
palance one can also infer the existence of levels with energies of0507.6, 699.6; 
921.1, 980.1, 1381.8 and 1429.5 keV (see figure). The level at 47.15 keV was in- 
troduced at the suggestion of L.K. Peker. 

It will be obvious that for establishing the complete and definite decay 
scheme for Tm!65 there is need for further experiments on y-ray and conversion 
electron coincidences and measurements aimed at determining the multipole orders 


of the transitions. 
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CONVERSION ELECTRONS FROM THE ERBIUM FRACTION FORMED IN SPALLATION OF TANTALUM 
- A.A, Abdurazakov, K.Ya.Gromov, B.S.Dzhelepov & V.A.Khalkin 


The following decay chains beginning with erbium are now known: 
10 hr 

7l65 ; 
EC 


2. Eyl63 75 min 
EC 


3. pr 161 2-5 suo161_2:2 BE pyl61 (stable), 


f Bena Hol§5 (stable) , 


> 
Hol63___ypy163 (stable) , 


? 


29 hr : i 
4. ee ee (stable), 
2.5 hr i 
5, el eteeng oe Soca ck (stable) , 
(we list only the chains starting with neutron-deficient erbium isotopes; neutron- 
rich isotopes virtually do not form under the bombardment conditions employed in 
our experiments). 

The erbium fraction was obtained by chromatographic separation from the rare 
earths formed by spallation of tantalum under bombardment with 660 MeV protons 
(bombardment time ~2 hrs). The conversion electron spectra were investigated by 
means of a uniform magnetic field B-spectrograph. The primary purpose of the mea- 
surements was to obtain more accurate transition energy values. We used two erb- 
ium sources. In exposing the plates in using the first source the field was set 
to record electrons with energies from 20 to 180 keV; in the exposures with the 
second source there were recorded electrons with energies from 135 to 900 keV. 

The exposures were started some 3-4 hours after the end of proton bombardment and 
approximately one hour after chromatograph separation of the erbium. Three plates 
were successively exposed with each source; the exposure time was chosen so as to 
provide for the possibility of distinguishing the lines of isotopes with different 
half-lives. For calibrating the spectrograms in energy we used the energy values 
for some of the transitions occurring in the decay of Erl60, determined by Grigor'- 
ev et all. Our data for the energies of the transitions in the Er160—~o0160_.py160 
decay chain are compared with the data of Grigor'ev et al in Table l. 


Table 1 
Energies (keV) of transitions evinced in 
Er160-sH0160_4py160 
1 rT J 

Our data | Ref. 1 | Our data Ref. 
60,1+0,1 60,1+0,1 x 645 ,5+0,4 
* 86 ,84+0,07 * 728,5+0,5 
* 197,0+0,2 754,1+1,0 754,5+0,6 
297,4+0,5 297,7+0,3 765,9+1,0 765,7+0,6 
298,6+0,5 298,8+0,3 873,1+1,0 872,5+0,8 
406 ,0+0,6 405,7+0,4 zd 879,8+0,6 
513,9+0,6 513,5+0,4 * 962,8+0,6 
* 538,7+0,4 966,1-+1,0 966 ,4+0,6 


*Transitions, the conversion lines of which 
were used for calibration in energy. 
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Table 2 
Results of investigation of the conversion path spectrum 
of the chain Er161—H0l61—py 
: Identi fi- Transition 
Hp, Oe cm | E, , keV eo uig energy, keV 
Er161— Hols! 

1427 155,4 K241,0 

1660 202,42 (Ly + Ly )211,1 

1664 203,1 Eyy7211,2 241 ,1+0,3 

1693 209, 2 My 211,1 

1700 210,6 N,211,0 

3053 53750 K592,6 = 

3228 583,2 L592,,6 } Dae ees” 

3925 7716 K827,2 

4092 817,7 L827 ,0 827,1+1,0 

4117 824 ,6 M ,826,7 

Holl Dy! (stable) 

91250 68,53 L,77,61 

915,0 68,95 Leila | 

920,0 69,67 Logi 52 77,640, 1 

960 ,4 75,04 Mr 11.36 y_ 


For analysis of the experimental data we used the results of photometric 
scanning of the spectrograms. Processing of the photometry results for the pur- 
pose of determining the relative conversinn line intensities has not yet been 
completed. 

We did not observe any conversion lines that, on the basis of our rough data 
or the data in the literature, could be attributed to erbium isotopes with A = 
= 165 or A= 163. Thus we assign all the detected lines to the chains starting 
with Erl61 and Erl58, 

Te Er161_,475161__,py161 

The conversion lines attributed to the chain starting with Erl6l are listed 
in Table 2. The 77.6 keV transition has been observed by a number of investiga- 
tors, and in particular by Harmatz et al2. According to the data of these auth- 
ors, this is the most intense transition occurring in the decay of Hot61, Other, 
weaker transitions in Dy16l were not evinced in our plates. We attributed the 
transitions with energies of 211.1, 592.6 and 827.1 keV to the decay of Erl61 to 
Hol61 on the basis of the studies of Dneprovskii?»4, in which there was deter- 
mined the period of decay in intensity of the conversion lines of these transi- 
tions. Moreover, the energy differences between the K, L and M conversion elec- 
tron lines (Table 2) clearly indicate that these transitions occur in Hol®1l, 

2. Erl58 __,H0158__,py158 

The conversion electron groups that we attribute to the Er158-sH0158_.py158 
chain are listed in Table 3. 

67.3 keV transition. According to our data, the energy difference between 
the LizI and N conversion lines of this transition gives reason to assert that 
this transition occurs in the holmium nucleus. According to Dneprovskii‘*, the 
intensity of the conversion lines of this transition in the spectrum of the erb- 
ium fraction falls off with a period of 130 + 25 min. Basina et al observed the 
L line of this transition in the spectrum of their holmiun fraction (from spalla- 
tion of Ta) and established that its intensity falls off with a period of ~30 min. 
These facts show that the 67.3 keV transition takes place in Ho18, 

The conversion lines of the 67.3 keV transition are the most intense of the 
lines we have assigned to the Er158_,H0158_,py158 chain, 


- 1105 - 


Table 3 


Results of investigation of the conversion electron spectrum 
of the chain Ert98_,170158_,pyl 
a 


3 Identifi- 
He, Oe cm | Ee , keV | cation hy, keV 


Frl58 _, 19158 


838, 2 58,43 L167 ,35 
844 ,0 59,20 L872 
: We lll 
890,0 65,45 MECT3T fee. 
900, 0 66 ,84 N,67,28 
2234 331 ,2 K386,8 
2426 37,8 L,387,2 } 387,0:0,5 
Hols8 _, Dy158 (stable) 
732,5 45,18 K98,97 |) 
1055 89,94 L, 99,02 
1058 90,41 141 99,03 | 
1062 91,05 L41198,90 | f 990404 
1100 97,15 M11 99,0 
1109 98,61 Ny; 99,03 
1472 164,2 K218,03 
Coincides with M211,1 Ertl |(L, + Ly, )218,3 
Coinci : 
Coincides with N211,4 Er! £y71218,9 248,4+0;2 
1726 216,2 M, 218,0 
1733 PA let ects. eae | 
1956 266,7 K320,5 320,5+0,5 
2113 302,8 K356 6 356,6+0,5 
2150 311,4 1320,6 — 
2304 348,1 Liggola2 
3172 568,5 K622,3 622,3+1,0 
3265 593 ,0 K646,8 646,8+0,7 
3579 677,3 K731,1 | 731,0+0,8 
4006 794 ,0 K847,8 847 ,8+0,9 
4014 796 ,3 K850,4 850,1+0,9 
4359 891 ,9 K945,7 945,741 ,0 
4369 894,7 K948,5 948,5+1,0 


387.0 keV transition. This transition was observed by Dneprovskii® in inves- 
tigating the conversion electron spectrum of a similar erbium fraction. He estab- 
lished on the basis of the decay period and the energy differences between the K, 
L and M lines that this transition occurs in Hol58, Our value for the K - L line 

-energy difference substantiates this deduction. 

99.0 and 218.1 keV transitions. The energy differences between the conver- 
sion electrons of these transitions (Table 3) agree exactly with the corresponding 
tabular values for Dy. These transitions were observed in the spectrum of an erb- 
ium fraction by Dneprovskii® and in that of a holmium fraction by Gromov et al® 

and Basina et al5. It may therefore be asserted that these transitions occur in 
Hot58_spy158 decay. 

320.5 and 356.6 keV transitions. Transitions of these energies were observed 
by Dneprovskiis. The period corresponding to the decrease in intensity of the con- 
version lines of these transitions is 2.5 hr. It was determined from the energy 
differences between the K, L and M electrons that these transitions occur in Dy158, 
Our data on the energy differences between the K and L lines substantiate this. A 
356.6 keV transition (T ~ 30 min) was observed by Basina et al° in investigating 
the holmium fraction extracted from the spallation products of tantalum. 

The transitions with energies of 622.3, 646.8, 731.0, 847.8, 850.1, 945.7 and 
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948.5 keV were attributed to the decay of Hol58 to Dy158 on the basis of the fol- 


lowing considerations: 
a) Transitions with energies of ~619, ~848 and ~947 keV were observed by Ba- 


sina et al5 in investigating the conversion electron spectrum of their holmium 


fraction. The decay period for the conversion lines of these transitions prove 


to be ~30 min. - 
b) The K line of a 647 keV transition was observed by Grigor'ev et al‘ in 


the spectrum of a holmium fraction. These authors did not determine the period. 
c) Transitions with energies of 731.0, 
847.8, 850.1, 945.7 and 948.5 keV are readily 
Fre accomodated in the decay scheme of Hol58 shown 
in the accompanying figure. 


3. Unidentified lines 


S] The following 22 conversion lines were de- 
s tected in the plates but have not been identi- 
27min~S 648 fied: 36.58, 37.33, 38.05, 38.50, 44.11, 62.56, 
RNA 5 139.7, 180.4, 182.7, 185.3, 190.4, 192.3, 230.8, 
K pt Ho 238.5, 247.9, 255.3, 259.1, 364.6, 371.9, 408.2, 
416.9, 451.2 and 876.0 keV. 
(47) 4. Discussion of the Decay Scheme 
Te (hee. In view of the data available on the radia- 
oe tion accompanying the Er158_H0158_spy158 gecay 


chain one can draw the following inferences re- 
garding the decay scheme. Two transitions oc- 
cur in the decay of Erl58 to Hol58 , namely, 

ri 67.3 and 387.0 keV. In all probability the 

4 67.3 keV level in Hol58 is analogous to the 

at pho 60.1 keV level in Hol69, 

The probable arrangement of levels in 


ae 
SSN 4 Dy158, excited in the decay of Hol58, is shown 
Dy in the figure. This scheme was constructed on 
Proposed scheme for the basis of the data on transition energies 
Erl58_,70158_,py158 decay. listed in Table 3 by analogy with the level 


diagram of Dyl®9, It is assumed that the 99.0 
and 218.1 keV transitions are transitions between the first rotational level of 
Dy158 - 99,0 keV (2, O*) - and the ground state, and between the second rotation- 
al level - 317.1 keV (2, O*) - and the first rotational level, respectively. This 
inference is upheld by the fact that on the basis of the data of Dneprovskii? on 
the intensity ratio of the (Ly + Lyyz) and Lyyzyz lines of the 99 keV transition the 
most probable multipole order of this transition is E2. It is difficult to deter- 
mine the multipole order of the 218.1 keV transition on the basis of the available 
data because the L lines of this transition in the spectrum of the erbium fraction 
coincide with the M and N lines of the 211.1 keV transition occurring in the decay 
of Erl6l, the only argument in favor of this location of the 218.1 keV transition 
is therefore the good agreement of the energy ratio of the 317.1 and 99 keV levels 
(3.2) with the theoretical ratio for rotatinnal levels (3.33). 

The locations of the 945.7 (2, 2t) and 1047.8 (3, 2+) keV levels are deter- 
mined by the 945.7 and 846.7 keV transitions and the 948.5 and 731.0 keV transi- 
tions, respectively. According to preliminary evaluations, the relative intensi- 
ties of these transitions are close to the relative intensities of the analogous 
transitions in the decay of Hol60 to pyl60, Basina et al5 in investigating the 
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decay of Hol58 (Tt = 27 min) observed a y-transition with an energy of 1070 keV. 
‘This transition and the 850 keV transition can be located in the decay scheme of 
Hol58 if one postulates the existence of a level at 1168.2 keV. By analogy with 
the decay scheme of Hol60 this level may be characterized by I = 4+, K = 2 and 
identified as the third level of the second rotational band of Dyl58, 
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DECAY SCHEME OF Eul47 
- I.Vizi, K.Gromov, B.Dzhelepov, 
Zh.Zhelev & Yu. Yazvitskii 


We investigated the high-energy part of the conversion electron spectrum of 
Eul47 and the y-y coincidences in the decay of this isotope by means of a triple 
focusing B-spectrometer1 and a cascade selector circuit“. 

Our radioactive source was the europium fraction extracted from a tantalum 
target bombarded for 12 hours with 660 MeV protons in the Joint Institute for 
Nuclear Research synchrocyclotron. The europium was separated from the tantalum 
2 days after the end of bombardment; the measurements were started 40 days after 
the end of bombardment. Specifically, we investigated the section of the conver- 
sion electron spectrum in the range from 750 
to 1100 keV (Fig.1). We carried out two ser- 
ies of measurements with an interval of 48 
days between them. The list of detected lines 
attributed to Eut4? on the basis of the fall 
off in intensity is given in the accompanying 
table together with the data of other investi- 
gators. The observed conversion electrons are 
associated with 800, 900, 957 and 1082 keV 7- 
transitions. That there occur in the decay of 
Eul47 transitions with energies of 800, 957 
and 1082 keV and of 76.5, 121, 198, 603 and 
676 keV has been reported earlier by Anton'eva 
et al? and Schwerdtfeger*. The data on the 
900 keV transition are conflicting: Schwerdt- 
feger et al report detecting this transition, 
while Anton'eva et al do not mention it. Our 
data give reason to affirm that a 900 keV tran- 
sition is excited in the decay of Eul47, 


S 
MA 5S 
% 


Data on the K conversion lines of 
Eut47 in the high energy region 


i ae hg Ey, keV 
Te in of Kae TaN - 
Ee, Mev 
Fig.1. Conversion electron spectrum oe eae oie 
of Eul47 in the 730 to 1120 keV re- 100 | s00+3| s00+4 800 
gion. The hatched lines belong to 113 | 90044 — 900 
riage 87 | 95744] 95744 976 


93 | 1082+5 } 1080+5 1100 


In investigating the y-y coincidence spectra we looked for cascades departing 
from levels at about 198, 800, 900 and 1080 keV. There were detected coincidences 
between y-rays of the following energies: 76.5—121, 121—676, 198—603, 121—780 
198-700, 121—957 and 198—880 keV (Figs.2-5). Thus our results substantiate the 
existence of levels at 198, 800 and 1080 keV.3 The fact that there are 198—700 
and 121--780 keV coincidences and a cross-over transition of 900 keV energy gives 
reason to introduce a level at 900 keV into the diagram for Sm147 (Fig.6). 

Hi anor Oker, et al4 report observing positron radiation in the decay of 
Eu » Sive end-point energies of 270 and 150 keV for the components of the posi- 
tron spectrum, and note that the low energy positrons yield coincidences with the 
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NM. coinc/hr 
200 


180 keV 


100 


0 Channel No. 
Fig.2. Coincidence spectrum of the 76.5—121 keV y-transitions with the 


coincidence circuit set for a sum energy of 198 keV. 1T,= 2°10-7 sec. 


>= 
Gate width 12 keV. The 180 keV peak is due to coincidence of x-rays 


with the 178 keV y-rays of Eul49, which was present in our source. 


#% coinc/hr 
120 keV edd 600 KEV 680 keV 
’ 


20 40 60 Gd 100 
Channel No. 
Fig.3. Coincidence spectrum of the 121—676 and 198—603 keV 
transitions with the circuit set for a sum energy of 800 keV. 
Tt = 2-10-% sec. Gate width 40 keV. 


= “1T10-+— 


V 
NV, coinc/hr 700 keV 780 keV 
120 keV 290 keV 


a 


| 
a 


20 40 60 


20 


a 


80 Channel No. 

Fig.4. Coincidence spectrum of the 121—780 and 198—700 keV 

transitions with the circuit set for a sum energy of 900 keV. 
t, = 2°1077 sec. Gate width 70 keV. 


NW, coinc/hr G00 keV ISO KPV 
200 keV | 


Channel No. 
Fig.5. a - coincidence spectrum of the 121—957 and ‘ae keV tran- 
sitions with the circuit set for a sum energy of 1080 keV. t,= 2-10-77 
sec. Gate width 70 keV. b - low energy section of the Soing idence spec- 
trum of the 121—957 and 198—880 kev transitions with the circuit set 
for an energy sum of 1080 keV. 
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Fig.6. Decay scheme of Eut47, 


122 keV y-rays. We did not detect positrons in the decay of Eul47, According to 
our evaluations, the upper bound for the intensity of the positron spectrum is 
16 + 5% relative to the intensity of the K conversion line of the 121 keV y-tran- 
sition. 

We take this opportunity to express our gratitude to V.A.Khalkin, Van Fu- 
Tszyun' and Kang Meng-Hua for preparing the sources. 


Joint Institute for Nuclear Research & 
"V.G.Khlopin"” Radium Institute, 
Academy of Sciences of the USSR 
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INVESTIGATION OF THE CONVERSION ELECTRON SPECTRA OF NEUTRON-DEF IC IENT 
ISOTOPES OF ERBIUM AND HOLMIUM 
-~ K.Ya.Gromov & I.S.Dneprovskii 


The investigated erbium isotopes were obtained by bombardment of tantalum tar- 
gets with 660 MeV protons in the Joint Institute for Nuclear Research synchrocyclo- 
tron for periods of from 0.5 to 2 hours. The procedures employed in extracting the 
rare earths from the Ta target and separating them into elementary fractions are 
described in Ref.1. The erbium fraction was, as a rule, separated from the other 
rare earths some 2-3 hours after the end of bombardment. 

The conversion electron spectra of the neutron-deficient erbium isotope were 
investigated by means of a double focusing s/2 B-spectrometer (type BPP-1) .2 The 
instrumental half-width of the conversion lines was 0.2-3%. The sources were pre- 
pared by evaporation of erbium lactate on 20 x 0.8 mm aluminum foils 0.005 mm thick 
The measurements on the B-spectrometer were started from 2.5 to 3.5 hours after the 
end of bombardment of the tantalum target. 

It is known that spallation of tantalum results in formation of neutron-defi- 
cient isotopes; the yield of neutron-rich isotopes is negligible. In the conver- 
sion electron spectra of the erbium activities used in the present study there were 
observed electrons emitted in the following decay chains: 


10 
Br 165 s016 (stable) , 


3.1 hr 2209 hr 
Er 161 _—-———+Ho 61 ——— spy (stable) , 


30 hr 5 hr 
Er160_~ 5H 160_— —_spyl60 (stable) , 
EC ,Bt 
2.4 hr 27 mi 
err sol ere gtit (stable). 
? 


It has been shown in earlier investigations®>* that no y-rays are emitted in 
the decay of Er165, The presence of Er’®° in our sources was evinced only by the 
appearance of a component with a corresponding period (~10 hr) in the curve charac- 
terizing the falling off in intensity of the Auger electron lines. The conversion 
electrons spectrum emitted in the decay chain starting with Erl60 has been investi- 
gated by Grigor'ev®. Our results for the conversion electron spectrum of Erl65 are 
in good agreement with their data. 

The new results obtained in the present study pertain to Erl61-+Ho0l61 decay 
and the Er158-4H0158-4py158 chain. There were also detected a number of electron 
lines, the intensity of which fell off with a period of about 1 hour. 

1. Ert61-,H0161 

The spectrum of conversion electrons emitted in the decay of Er161 was inves- 
tigated earlier by one of the present authors.6-8 There were observed conversion 
lines associated with y-transitions of 210.9 and 826.2 keV energy. In Ref.7 there 
was inferred the existence of a 592 keV y-transition. The existence of this tran- 
sition has been definitely proved in the present study. The results of the pre- . 
sent investigation of the conversion electron spectrum emitted in the decay of 
Erl61 are given in Table 1. 

The listed lines were attributed to the decay of Er16l on the basis of the de- 
crease in intensity with time. By way of illustration, in Fig.1 we show how the 
intensity of the K592.3 line fell off with time; the value of the period as deter- 
mined from this plot is 3.2 + 0.2 hours, which is in good agreement with the mean 
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Table 1 
Conversion electron lines pertaining 
to Er161_,H5161 


value of the period corresponding to the other 


> ars lines of Er161 (3,1 + 0.1 hrs). The dash-dot 
“i Tdentifi cei eae curve in Fig.1 shows the character of varia- 
No. 2y cation im tion in intensity of the lines of daughter 
memiee Neate sry « ae Hol61, It will be seen that the experimental 
2 |201°6 (Ly + L,1)210,5 ae points diverge greatly from the dash-dot line 
3 |202,15] L,,,210,2 35-43 and, consequently, the K592.3 line cannot be 
4 |536,6 K592,1 0,90-+0,15 attributed to the decay of Hol61, The values 
4 ae eal ee obtained for the y-transition energies are in 
7 1816.5 1825.6 2,0-40,25 good agreement with the results of Harmatz et 
8 |824,5 M826 ,0 0,4+0,2 al9 and Abdurazakov et a10, 
inN 
ZO} 
oe Myp2t3,2202) hr 
4s g 25L/ as 
10\- 645.0 | = 
Ho © | 
£5923 A 
SL er | \ 
aN 
—— A 2 See 
7000 5100 3200 3300 i lores eee ~ 
Hp, Oe CM uF 10 15 Ay Ve hr 


Fig.1. Conversion electrons of the 592.3 keV y-transition fol- 

lowing decay of Erl6l1, At right - decrease in intensity of the 

K line. The dash-dot line shows the calculated variation in in- 

tensity of the conversion electrons following decay of Hol58 for 
observation of the erbium fraction. 


As was shown in Ref.6, the intensity ratios of the K, (Ly + Lyyz) and Lyyzy 
lines of the 210.9 keV transition allow of establishing the multipole order of 
this transition as E3. Analogously, in Ref.8, the multipole order assignment 
for the 826.2 keV transition was found to be Ml. 

The y-spectrum of Erl61 was investigated by Dalkhsuren et alll. These au- 
thors observed y-rays with energies of 210, 825 and ~1200 keV and relative inten 
sities (13 + 2):100:(~5). Dalkhsuren et al did not observe 592 keV y-rays, and 
according to their evaluation the upper bound for these must be less than 5% the 
intensity of the 825 keV y-rays. They determined the abundances of the 210 and 
825 keV transitions in percent per disintegration by means of a 4x scintillation 
spectrometer and obtained 23 and 77%, respectively. 

On the basis of the above data one can draw cer- 
Table 2 tain inferences regarding the Eri61 decay scheme. 
Intensities of y-transitions It was established by Dalkhsuren et alll that 
in Erl61440161 the sum of the intensities of the 210.9 and 826.2 
keV transitions amounts to 100% per disintegration. 


jyee thts Multipolc cor disinte- Accepting this value and utilizing the data on the 
Se gration, relative intensities of the conversion electron 
210,9 E3 18 lines listed in Table 1, we calculated the abundan- 
592,3 Fs 5 ces of the 210.9 and 826.2 keV transitions; these 
pone ae gh are given in Table 2. The intensities of the 592 


and ~1200 keV transitions are taken from Ref.1ll. 
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The decay scheme of Erl61 was discussed in 
Ref.8. It was assumed that in the decay of this 
isotope there are excited levels at 210.9 and 
826.2 keV (Fig.2). The 592.3 and ~1200 keV tran 
sitions referred to above can be accomodated in 
the scheme if one postulates the existence of a 
level at 1418 keV. Admittedly, the only argumen 


/ ay in favor of this location is the coincidence wit. 
armen gin ras Jeison in the limits of the experimental error of the 
S sums of the transition energies: 826.2 + 592.2 = 
= / = 1418.4 keV and 210.9 + ~1200 = 1410 keV. In 
iy 
be) 


P Fig.2 we have indicated the abundances of the y- 
9262 Ye [$52] transitions in percent per disintegration and 
the ensuing intensities of the K capture branche 
to the levels in Hol6l, The log ft values of th 
K capture branches are given in parentheses. 

The Er161_,90161 gisintegration energy is ta 
en from Cameron's tablel2. The deduced log ft 
values for K capture to the 210.9 and 826.2 keV 
levels are consistent with the spin assignments 
for these levels. 

The transition to the 210.9 keV level: 3/27 
[521] -S91/2* [411] log ft = 6.3) is first forbid - 
den, unhindered; the transition to the 826.2 keV 
Fig.2. Decay scheme for Erl6l, level: 3/27 [524 ]-hs5/27 [532] (log ft = 5.3) is al- 


% 
2000 


210,9 Ya" [4st] 


The figures in parentheses are lowed, hindred. The log ft value for the K cap- 

for the log ft values for elec- ture branch to the 1418 keV level equals 5.6, 

tron capture to the indicated which indicates that this transition is allowed, 
levels in Hol6l, i.e., the assignment for the 1418 keV level 


should be 1/2", 3/2” or 5/27. On the basis of 
Nilsson's level scheme it may be inferred that the most probable assignment for th 
1418 keV level is 3/27 [541]. Accordingly, K capture to this level must be allowed, 
hindered. 
2. Er158 _440158_,py158 

In 1958 one of us® in investigating the conversion electron spectrum of erbiw 
isotopes detected the lines of a 98.6 keV transition. The intensity of these line 
fell off with a period of 2.5 hours. It was inferred that there exists a new erb- 
ium isotope with T = 2.5 hours. 

Subsequently, there were detected many conversion lines with the same decay 
period. ?,13 Bonch-Osmolovskaya et ajl4, investigating the spectrum of a similar 
erbium fraction, observed a positron spectrum with end-point energy 1350 keV, the 
intensity of which fell off with a period of ~2.5 hours. The mass number of the 
erbium isotope with T = 2.5 hours and of its Ho daughter was established on the 
basis of the following facts. 

1. Gamma-transitions of 98 and 218 keV energy were observed in investigating 
the erbium and holmium fractions and in investigating daughter holmium separated 
from the erbium fraction. The intensities of the conversion lines of these transi 
tions fell off with a period of 2.5 hours in the spectrum of the erbium fraction’; 
and with a period of 27 min in the spectrum of the holmium fraction separated dire 
ly from the rare earths formed in the Ta target. In the spectrum of the daughter 


holmium separated from the erbium fraction the intensity of these lines decreased 
with a period of 27 min.13 
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In the case of the erbium fraction there was observed increase in the inten- 
sity of the positron spectrum with end-point energy 1350 keV.14 The build-up 
period was about 0.5 hours; the fall-off period after going through the maximum 
was ~2.5 hours. These data indicate that we are dealing here with a decay chain 
comprising an erbium isotope with a period of 2.5 hours and a holmium isotope 
with a period of 27 min. The 98 and 218 keV transitions take place in the final 
dysprosium nucleus. This is substantiated by the values of the differences be- 
tween the energies of the K, L, M and N conversion lines. 

2. The intensity ratios of the K, (Ly + Liz) and Lyyyz conversion lines of 
the 98 keV transition (see Table 4) definitely indicate that the multipole order 
of this transition is E2. The energy ratio of the 218.3 and 98.6 keV transitions, 
namely, 2.22, is close to the theoretical ratio (2.33) for 4+-»2t and 2t-0+ tran- 
sitions in the ground state rotational band of even-even deformed nuclei. Assum- 
ing that the 98.6 keV transition departs from the first rotational level of an 
even-even dysprosium nucleus, one can readily determine the mass number of this 
nucleus. The energies of the first rotational levels of the even-even dysprosium 
isotopes are 138 keV for Dy!56, 87 keV for Dy160, 81 keV for Dy162 and 73 keV for 
Dy164, If we assume that the isotope in question has A = 158, we find that the 
98.6 keV transition energy value falls on a smooth curve characterizing the A de- 
pendence of the transition energies. 

In view of the above argument one can safely assert that there exists the 


decay chai i 
y re 158-2-4 br 458 27. min 4158 
roo—Ho o>. 


E Dy : 
EC EC 
In Table 3 we list the conversion lines that 
158 we believe pertain to this chain. 


Admittedly, the attribution of some of the 
lines listed in Table 3 to the Er158—»H0158—spy158 
decay chain is not reliable. One can only safely 
assert that y-transitions of energies 67.0, 98.6, 
218.1, 356.8, 847.8, 851.1, 946.3 and 948.7 keV oc- 
cur in this chain, inasmuch as they have been ob- 
served in investigating the conversion electron 
spectrum of the erbium fraction in our work (T = 
= 2.5 hours) and by Basina et all6 in investigating 
the spectrum of a holmium fraction (T = 30 min). 
Where the other lines are concerned one can only 
make the assignment on the basis of the decay per- 
96 2" iod. In this manner it proved feasible to deter- 
mine that the 71.5, 320.3 and 386.5 keV y-transi- 
tions belong to the chain beginning with Er158, We 


1048 S*K=2 


7 pied 3 were unable to determine with adequate accuracy the 
A SSR decay periods corresponding to the relatively weak 
RMNVAOHAS cure . 
! F, conversion lines of the y-transitions with energies 
4 Neg of 130.6, 194, 309.0, 313.5, 461.8, 470.6, 505.3, 
731, 931.1 and 987 keV. Hence it is not impossible 
gt that these y-transitions occur in the decay of Er161 


(T = 3.1 hours). Nevertheless, it is more probable 
that these lines are associated with transitions 
taking place in the chain starting with Erl58, 


158 

£5 D 92 
Fig.3. Decay scheme for From the energy differences between the conver- 
pri 38 _-70158_spy158, sion electron lines associated with them it may be 


= ELGr = 


Table 3 
Results of investigating the conversion electron spectrum 


of the Er158_440158_,py158 decay chain 
< wu Identi fi- Relative in- 
per ee cation tensity ale 
Erl5s — Ho158 
4* Ling wt (Ly ++ Ly, )66,6 130+30 
Qn 58,9 L11166,9 100 
ayers 65,2 M67,3 65+15 
Axxn 66,6 N67,0 15+3,9 
S 330,4 K386 ,0 1,3+0,15 
6 eye L386 ,7 0,21+0,05 
if 384,8 M386 ,9 0,15+0,05 
Hols8 + Dy!58 

1 44,7 K98,5 430+70 
Dy) 61,18 L, 71,29 110+25 
3, 46 25 N71 ,67 6+2 
Lpoke 76,6 K130,4 

i) 89,8 (L; + Ly, )98,4 400+80 

6 90,65 L11198,5 300 +60 

7 96,9 M98,9 150+30 
8 98 ,2 N98,6 3547 
Qa APA (Ly + Ly, )130,3 1442 

10 Ne L411130,6 5,2240,8 
{1 128,80 M130,8 250.8 
42 130,30 N130,7 0,6+0,3 
13 13900 K193,5 10+4 

44 164,5 K218,3 100+5 

15 — L (~218,1) a 

16 216 ,0 M217,8 an7-E1 0 
17 217,6 N217,9 1,140,3 
1 Sx**x 255 ,3 K309,1 25210 
19 259 ,0 K312,8 9.2+40,6 
20 266,0 K319,8 4,0+0,8 
21 302,2 K356,4 2,04-0,5 
22 311,8 £320,9 1,0+0,3 
93 318,3 M320,3 0,20+0,08 
24 348 , 0 L357, 1 0,3+0,1 
25 408 ,0 K461,8 0,15+0,07 
26 416,8 K470,6 0,3+0,15 
27 Acie) K505,3 0,3+0,15 
28 671 ,0 K724,5 0,3+0,2 
29 675,90 K731,0 0,6+0,3 
30 794,1 K847,9 2,4+0,4 
Bt 797,0 K850,8 4 2-20,2 
32 838 ,9 L847 ,6 0,6+0,2 
BBx**K 842,3 L851 ,4 0,340.1 
34 876,0 K929,8 4,0+0,2 
35 8922 K946,0 2,0+0,4 
36 894,90 K948,3 1,8+0,4 
of 933.9 K987,3 0,40+0,15 
38 937 ,6 L946 ,7 0,40+0,15 
oo pee 940,0 L 949,14 0,30+0,15 


*This line coincides with others; in the work of Ref.6 it was 


erroneously attributed to the decay of Erl6l, 


**In the work of Ref.6 this line was erroneously attributed to 


the decay of Erl61l, 


***Line incorrectly identified in Ref.6. 
***k*Line coincides with others. 
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Table 4 
Intensity ratios of the conversion electron lines of the 67.0 and 
98.6 keV y-transitions and the corresponding theoretical ratios 
for different multipole orders 


Theory 
Ratio axperi— 
Et | E2 | E3 M1 | M2 | M3 ment 
hy = 67 keV 
(Ly ee eet Dye. | 0,94 | 1,01 80,4 | 4,2 | 0,64 1,3+0,3 
K/XxL D5 OF25anO O15: oni ale2 ele Oss | <0,10 
hy = 98,6 keV 
(Ly + Lyyz)/Lyy1| 4,34 | ‘let leh AS Oiew | SSOP Galea) | se rgllil 1,2+0,4 
K/=XL Os21 a =0, 800 10,094 | 16,303,0 | 4,14 0,65+0,20 


inferred that the 67.0 and 386.5 keV y-transitions occur in the holmium nucleus, 
while the 98.6, 218.1 and 320.3 keV transitions occur in the dysprosium nucleus. 
The presence of 356.8, 847.9, 851.1, 946.3 and 948.7 keV transitions in the spec- 
trum of the holmium fraction shows that these transitions occur in the dysprosiun 
nucleus. The energies of the transitions for which we were unable to determine 
the atomic number of the nucleus were calculated on the assumption that they oc- 
cur in the dysprosium nucleus. 

In the investigated conversion electron spectra there were observed weak 
lines with energies of 49.3, 53.8, 74.0, 92.3, 93.9, 132.3, 145.1, 510, 565, 594, 
784, 841, 845, 940 and 944 keV. At present we are unable to identify these lines. 

On the basis of the experimental results we propose the decay scheme for the 
Er158_440158_,py158 decay chain shown in Fig.3. Er158 converts by K capture and, 
possibly Bt-decayl4 to Hol58. De-excitation of the levels in Hol%8 gives rise to 
the 67.0 and 386.5 keV transitions. The multipole order of the 67.0 keV transi- 
tion can be unambiguously determined as E3 from the relative intensities of the 
K and L conversion lines (see Table 4 and Fig.4). The 67.0 keV transition is 
very intense; according to our evaluations its intensity amounts to ~50% per dis- 
integration of Er158. Hence it may safely be assumed that the 67.0 keV transi- 
tion feeds the ground state of Hol58 and determines the location of the isomeric 
level (67 keV). The period of Hol58 (27 min) determined in our earlier study!3 
and in the work of Gromov et all5 apparently belongs to this isomeric state. The 
decay period of the ground state of Hol58 is probably even shorter. It will be 
evident that we have here a situation analogous to that observed in the decay of 
Erl60, where the E3 type 60 keV y-transition determines the position of the iso- 
meric level with a period of 5 hours. 

One may reasonably expect the decay scheme for Hol58_.py158 to bear many 
similarities to the decay scheme for Hol60_spy160 , On the basis of the available 
data we propose the level diagram for Dy158 shown in Fig.3. As noted above, there 

can be little doubt that the 98.6 and 316.7 keV levels are the first two levels of 
a rotational band based on the ground state. 

The levels of 946.3, 1047.3 and 1167.8 keV apparently are the levels of a 
second rotational band and have spins 2, 3 and 4, respectively. The location of 
each of these levels is determined by two y-transitions. One of the 7-transitions 
(1070 keV) determining the position of the 1167.8 keV level was observed only in 
the work of Basina et al16. Using the conversion line intensities listed in Table 
3 and assuming that all the y-transitions between the levels of the first and sec- 
ond rotational bands are E2, we evaluated the relative intensities of these transi- 
tions. No significant discrepancies appear in the balance of intensities for the 
proposed scheme. 
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Fig.4. Conversion electrons of the 67.0 keV y-transition: a - decrease in inten- 
sity of the N67 and M67 lines with time; b - section of the conversion spectrum 
in which the lines in question are located. The horizontal scales are the values 
of the current readings of the magnetometer measuring the field strength in the 
6-spectrometer. 2 The energies of the conversion electrons are given in parenthe- 
ses. The figures at the double circle points indicate the time elapsed from the 
instant of separation of the erbium fraction. The solid circle points represent 
the series of measurements giving the height and shape of the M60 and N60 lines 
evinced in the decay of Hol60, c - determination of the height and shape of the 
L67.0 line; solid circles - lines of Hol60 reduced to the time of measurement of 
the first series; the hatched area corresponds to the graphic difference between 
the series, i.e., the L67.0 line. d - resolution of the integral L67.0 line into 
components: Ly + Lyy and Lyyy. 


In Table 5 we compare the experimental energy values of the levels of the 
first and second rotatinnal bands with the values calculated according to the 
theory of Bohr & Mottelson17 for axial nuclei and the theory of Davydov & Filip- 
povl8 ,19 for nonaxial nuclei. Comparison of the theoretical and experimental 
values leads to the following deductions: 

1. The relatively good agreement of the values calculated in the adiabatic 
approximation using the theory of axial (axially-symmetric) nuclei (4; ot, and 
4, 2+ levels) and according to the theory of nonaxial nuclei (4, Ot; 3, 2+ and 
4, 2t levels) is evidence in favor of the proposed scheme. 

2. Calculations in the nonadiabatic approximation of the theory of axial 
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Table 5 


Comparison of the experimental energy values for the levels 
of the rotational bands in Dy158 with the theoretical values 
calculated on the basis of the theory of axial nuclei and 

according to the theory of nonaxial nuclei 


a ne 5S ee ER a ee eee ee eee 


Theory 
Adiabatic approximation Nonadiabatic approxi- 
I, Kt mation 
Experi- : : 
of oc Ag Axial Nonaxial Pact a : Nonaxial 
sawel 1 nuclei nuclei le kom nuclei 
A, = 16,43 keV p= 0 A, = 16,68 keV | y = 12,2? 
A, = 16,83 keV y = 12,8° A, = 17,58 keV | w= 0,27 
By =—0,043 
B, = —0,126 
2 OF 98,6 98 ,6* 98 ,6* 98 ,6* 98 ,6* 
4 Ot 316,7 328,3 325 ,4 316, 7% 316 ,7* 
6 OF |625 or 630 690 , 2 671,8 625,41 632 ,0 
8 0+ -- 1183 1131 978 1055 ,0 
2 2+ 946 ,3 946 ,3* 946 ,3* 946 ,3* 945 ,3* 
3) 2 1047,3 1047 ,3* 1046 1047 ,3* 1021 
a gt 1167,8 1181,9 1178 1167 ,8* 1183 
5 2 — 1350, 2 1341 1295 ,8 1257 


*Energy values used in the calculations. 


nuclei cannot be compared with experiment, inasmuch as all the experimental ener- 
gy values must be used for calculating the parameters in the formulas of this 


theory. 


The energies of the 3, 2+ and 4, 2+ levels calculated according to the 


theory of nonaxial nuclei in the nonadiabatic approximation differ from the ex- 
perimental values to a greater extent than in the adiabatic approximation. 

Thus if the proposed level scheme is correct, recourse to the nonadiabatic 
approximation in the theory of nonaxial nuclei in this case does not improve ag- 


reement with experiment. 


The energy value of the 6, o* level calculated in the nonadiabatic approxi- 
mation according to the theories of axial.and nonaxial nuclei equals 625.1 and 


632.0 keV, respectively. 
from this level. 


It is possible that a 309 or 313 keV transition departs 
The former value is in better agreement with the calculations 


according to the theory of axial nuclei; the second agrees better with the calcu- 


lations according to the theory of nonaxial nuclei. 


At present, however, there 


are A data to indicate reliably that the 6, Ot level is excited in the decay of 


Hol 


Table 6 


Comparison of the experimental values of ratios of the 
reduced transition probabilities between rotational bands 
in Dy158 with the corresponding theoretical ratios 

LL. a ee eee 


| ne ory, 
Reduced pro— Experi- ee , Nonaxi al 
ff : ment i ottel— nuclei 
bability ratio Ace. Alaga |son's correc- eS 
tion z= 0,040 
B (22, 0): B(22, 21)| 0,955 0,70 | 0,55* | 0,49 
B (39, 41) : B (32, 21)| 0,63 0,40 0,67 0,64 


*Value used for calculating the parameter in Mottelson's correction 


factor. 
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In Table 6 we compare the experimental values of the reduced probabilities 
for transitions from the 2, 2* and 3, 2+ levels to the levels of the first rota- 
d with the theoretical values calculated according to the theories of 
axial20,21 and nonaxiall9 nuclei. It may be noted that here there is observed a 
situation analogous to that obtaining for neighboring even-even isotopes22: the 
experimental values lie between the values calculated according to the theory of 
nonaxial nuclei and the values computed according to the theory of axial nuclei 
using Alaga's rule, but are closer to the former. Introduction of Mottelson's?1 
correction to the theory of axial nuclei yields improved agreement with experi- 


ment. 


tional ban 


3. Conversion electron lines with T = 1 hour 
Earlier®»’ we reported that in the conversion electron spectrum of the erb- 
ium fraction extracted from proton-bombarded tantalum there were observed conver- 
sion lines the intensity of which fell off with a period of about 1 hour. Some 
of these were attributed® to the 138 keV y-transition in Hol56 (T= 1 hr). Now 
we have established that the presence of the lines of this transition in the ear- 
ly experiments was due to contamination of the erbium sources with holmiun. 


Table 7 
Conversion electron lines with a period of ~l hr 
i ye eV 118.9 LAS phe 255. 8* JULEU 307.4 
Identification - L132 K309.6 L310.6 M309.4 


*The period corresponding to this line given 
in Ref.7 was erroneous. 


In Table 7 we list the conversion electron lines in the spectrum of the erb- 
ium fraction, the intensity of which fell off with a period of 50 + 10 min. These 
lines cannot be attributed to any known isotope. Possibly, they are due to the 
decay of a new isotope with T ~ 50 min. At present we do not have sufficient da- 
ta to make a mass number assignment; one can, however, exclude A = 155, 156 and 
157 in view of the fact that in the experiments we did not observe the strong 
lines of the daughter isotopes with these mass numbers, namely, Dy155 (K227) , 
Dyl56 (k138) and Dy157 (K326). If the new erbium isotope had any one of these 
mass numbers, the corresponding K line would undoubtedly have been detected. 

We desire to express our deep gratitude to B.S.Dzhelepov for his interest 
in the work and valuable suggestions, V.A.Khalkin and I.A.Yutlandov for prepar- 
ing the sources, and L.N.Nikityuk for assistance in carrying out the measurements 
and processing the results. | 
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INVESTIGATION OF THE RADIATION OF Mn°® 
- §.S.Vasil'ev, No Sen Ch'ang & L.Ya.Shavtvalov 


Radioactive decay of 2.6-hour mn56 has been the subject of many investiga- 
tions.1-9 In none of these, however, was an attempt made to separate the parti- 
al B--spectra by measuring B-7 coincidences. This is explained by the experimen- 
tal difficulties encountered in studying an activity with so short a period. 

Hence we felt it would be of interest to resolve the partial B™-spectra correlat- 
ing with the different y-rays in order to establish the definitive decay scheme. 

The Mn56 activity was obtained by the Mn55(d,p)- 
mn56 reaction, i.e., by bombarding a 0.6 mg/cm? man- 
ganese foil with 13.7 MeV deuterons in the cyclotron 
of the Scientific Research Institute of Nuclear Phy- 
sics of Moscow State University. 

The B~-spectrum recorded by means of a thin mag- 
netic lens B-spectrometer is shown in Fig.l (curve 
1). Resolution of this B-spectrum by means of the 
usual Fermi-Kurie plot showed that it is comprised 
0 a of three partial spectra with end-point energies 

Le 2830 + 40, 1030 and 750 keV and relative intensi- 

ea Be 1 - B -spectrum of ties 60, 28 and 12%, respectively. 

Mn 6, 2 - B--spectrum corre- The y-spectrum of Mn°® was investigated by means 

lating with 1.81 MeV y-rays, of a scintillation y-spectrometer (Csi37 662 keV 9 ho 

3 - B7-spectrum correlating line half-width 8.7%). The experimental y-spectrum 

with 0.845 MeV y-rays. is shown in Fig.2. There are discernible sharp 
peaks at 845, 1810 and 2100 keV and less clearly 

pronounced peaks at 2530 and 2660 keV. 

The B-y coincidences were investigated by means of the magnetic lens spectro- 
meter and the scintillation y-spectrometer connected into a coincidence circuit. 
The resolving time of the coincidence circuit was determined periodically in the 
process of measuring true coincidences and proved to be 0.27 microsec. 

The Fermi-Kurie plot of the B™-spectrum correlat- 
ing with the 2.1 MeV y-rays is shown in Fig.l. The 
end-point energy obtained from this plot is 780 + 60 
keV, which is in good agreement with the end-point 
energy obtained by resolution of the singles B -spec- 
trum. The B -spectrum correlating with the 1810 keV 
y-rays is shown in Fig.1 (curve 2). Naturally, in 
this case there passed through the analyzer gate 5 
Compton recoils from harder y-rays (namely, the 2.1 
MeV gammas). However, the deduced end-point energy 
(1050 keV) is determined primarily by coincidences 
with the 1810 keV y-rays inasmuch as the 2100 keV a 


N= 


wey 
T 


1050 keV 


B45 
Y : 1810 
¢ 


10 


y-rays yield coincidences only with the partial B~- e f fone No. 
spectrum with 750 keV end-point energy. Lastly, Fig.2. Gamma-spectrum of 

we also investigated coincidences of the electrons Mn°S recorded on a scintil- 
with 845 keV y-rays. The resultant B -spectrum lation spectrometer. 


(curve 3 in Fig.1) almost coincides with the B7- 

spectrum recorded on the B-spectrometer alone. This indicates that the entire 
complex B -spectrum correlates with the 845 keV Y-rays. Some increase in the 
number of counts in the coincidence measurements in the <1 MeV region is ap- 
parently connected with additional coincidences produced by Compton electrons 
from the harder y-rays. As will be evident from Fig.2,the contribution of hard- 
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gamma Compton recoils amounts to ~20% in the 850 keV region. The "additional" 
number of coincidences amounted to approximately the same percentage. 

Our experimental data substantiate the decay scheme for Mn°6 that is common- 
ly accepted at present. Fig.4 shows this decay scheme, taken from Ref.5, with 


the 6-y correlation results obtained in the present investigation indicated by 
double lines. 


780+60 


0 500 1000 
E,keV 


Fig.3. Fermi-Kurie plot of the 
B--spectrum correlating with 
the 2100 keV y-rays. 


Fig.4. Decay scheme of mn°® , 


We desire to express our gratitude to V.S.Zazulin and Yu.A.Vorob'ev for 
assistance in the work. 
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LOW-LYING STATES OF Li? AND Be® EVINCED IN DISINTEGRATION 


REACTIONS INVOLVING LIGHT NUCLEI 
- S.S.Vasil'ev, V.V.Komarov & A.M.Popova 


PROPERTIES OF 


In the energy distribution of the products of reactions with simultaneous 
emission of several particles there may appear a specific structure due to inter- 
action of the reaction products with each other. Thus, for example, if as a re- 
sult of a nuclear reaction there form three simultaneously emitted particles, the 
energy distribution of one type of particles, which in general is described by 
statistical laws, may have a complex form: there may be evinced in it maxima cor- 
responding to potential interaction of the two other reaction products or to their 
resonance interaction in different states, if such interactions are energetically 
possible. The greater the number of particles formed simultaneously in the nucl- 
ear reaction and the greater the possibilities of different variants of their in- 
teraction with each other in the final state, the more complex will be the form 
of the energy distribution. 

If we consider the simplest reaction with simultaneous formation of three 
particles, for example, disintegration of a deuteron under the action of protons 
or neutrons, there will appear in the energy spectrum of nucleons of one type two 
peaks, corresponding to proton-neutron, proton-proton or neutron-neutron interac- 
tion in the final state. 

In earlier contributions!~4 it was shown that as regards height, these maxi- 
ma depend on the angle of emergence of the investigated reaction product, and as 
regards width, on the magnitude of the energy constant characterizing the interac- 
tion of the particle pair. 

This example of a simple reaction with the formation of several nucleons (see 
Refs.2 & 3) is an illustration of the influence of pair interactions of reaction 
products in the final state on their energy distribution. In more complicated re- 
actions, when there can occur cascade processes, the energy spectrum is further 
complicated by the appearance of maxima corresponding to different states of the 
intermediate and final nuclei. In addition to the above mentioned cascade maxima, 
one may expect the appearance of maxima due to interaction of the reaction pro- 
ducts in the final state when the reaction is one of direct disintegration. 

Let us consider how one can take into account the influence of interaction 
of reaction products in the final state in investigating the integral energy dis- 
tributions of particles forming as a result of reactions occurring by direct dis- 
integration of a compound nucleus. The differential cross section for disintegra- 
tion of a compound nucleus with spin / and parity x into 7 particles with given 
energy £; and momentum p; can be written in the form 


n nr n 
do~ 818 Ei — B18 (3) a} Plt (1) 
i=1 i=1 i=1 

where £ is the total energy of the system and H,, is the matrix element of the 
transition from the initial state a to the final state ), which is of the form 


II Pi % (Si) |V | Vyi2>, (2) 
=1 
where ''j;, is the wave function of the compound nucleus and pix(S;) is the wave and 
spin function of the i-th particle formed as a result of the reaction, 
If the particles do not react with each other in the final state, their wave 
functions ‘fi are plane waves and the motion of any two particles i and J] can be 
written in the form of the product of plane waves | 
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exp (—igp/h) exp(—ipR/h), 


where q = 1/2(pi — p;) is the momentum of the relative motion of the particles: 


P= (Pa at Pj); P= (Tg — 1) and R= as (te -- Pane 


If one takes into account the interaction of the particles {j and 7, the wave 
function 9(p) of their relative motion will be a distorted wave. The radial part 


of the wave function of the relative motion of the scattered particles can be ap- 
proximated in the form® 


? (P) = f (Ered g (p), (3) 


where /(£,.))) is a function depending only on the 
relative energy of the interacting particles. The 
form of this function can be determined from the 
data on scattering,so that if we take g(p) in the 
form of a scattered wave and use the boundary con- 
dition at p—a, where a is the range of the nucl- 
ear forces, we can obtain 


} (Exe) = = sin (6 + @), (4) 


where 
A? = Fi, (a) + Gi (a), and D =aretg Fy (a)/G, (a), 


wherein / (a) and G,(a) are Coulomb functions. 
a 
Energy distributions of protons from the c12(p,p')- 
30; reaction for three different energy ranges of the 
incident particles in the center of mass system: 
a - 15-20 MeV, b - 21-33 MeV, c - 24-29 MeV protons. 
The solid lines are the theoretical curves construc- 
ted on the assumption of four-particle simultaneous 
disintegration taking into account the following in- 
teractions: a) two Q-particles on the ground and 2.9 
MeV levels of the Be® nucleus and an Q-particle and 
proton on the ground level of the Li° nucleus for a 
primary proton energy of 15-20 MeV, b) two Q-partic- 
les on the ground, 2.9 and 11.7 MeV levels of Be® 
and an Q-particle and proton on the ground level of 
Li° at a primary proton energy of 21-23 MeV, c) two 
Q-particles on the ground, 2.9 and 11.7 MeV levels 
of Be® and an Q-particle and proton on the ground 
level of Li° for a primary proton energy of 24-29 
MeV. 
Jee eee ee 
Using Eq.(3) for the radial wave function of the relative motion of the in- 
teracting particles, one can, following Chew-Hart-Brueckner® , write the differen- 
tial cross section for the reaction in the form 


ds in? (6 + @ 
7 ~ te) =. (5) 


~eArTe 
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If there can occur simultaneous interaction of two pairs of particles in the 
final state, the differential cross section will be of the form 


= ES sin? a ;) ‘ sin? rei Dy) , (6) 
v qq UES 


By way of illustration let us consider the energy distribution of protons 
forming in the reaction of disintegration of cl2 into three Q-particles under the 
influence of primary protons with energies from 15 to 30 MeV. 

As was shown in Ref.7, disintegration of a carbon nucleus into three Q-par- 
ticles under proton bombardment occurs with low probability by cascade through 
the C12 compound nucleus, for its levels are very weakly evinced. Direct inter- 
actions for the investigated primary proton range begin to play a substantial 
role only at an energy of ~22 MeV. This means that the main modes of disintegra- 
tion of the C12 nucleus at primary proton energies in the range from 15 to 30 MeV 
are the following: 

Gis. pa Be’ hi"; 
€? + p — Be® + p +4; 
c’u ip —Li® +a+a; 
CRM tp>+ptata-+ta. 

It should be noted that from the standpoint of energy considerations in the 
above listed four- and three-particle disintegrations there can occur interaction 
of two Q-particles on the ground, 2.9 and 11.8 MeV levels of the Be® nucleus and 
interaction of an Q-particle and a proton on the ground level of the Lid nucleus, 
i.e., the Li and Be® nuclei may be evinced not as intermediate nuclei of the 
cascade but as a result of interaction of the reaction products. 

Then in the histograms of the excitation energies of Be® and Li® there will 
be evinced the levels of these nuclei, and the spectra of the protons and Q-par- 
ticles will be described by statistical distributions calculated on the assump- 
tion of four-particle disintegration taking into account interaction of two Q- 
particles on the listed levels of the Be® nucleus and an Q-particle and proton 
on the ground level of the Li? nucleus, respectively. 

To verify this inference we investigated the energy distributions of protons 
from the C12(p,p')3a reaction in the primary proton energy range from 15 to 30 
MeV. The experimentally observed proton spectra in the indicated primary proton 
energy range have peaks in the region of low proton energies (see figure), which 
cannot be explained by manifestation of the levels of the compound C12 nucleus, 
if the decay mode is C12 + p—sC134Cl2 + p—»p + 3a. 

It is natural to assume that this structure of the spectrum of the protons 
forming in the C12(p,p')3qa reaction is due to simultaneous interaction in the 
final state of two Q-particles on the levels of the Be® nucleus and an Q-particle 
and proton on the ground state of the Li® nucleus in direct disintegration of the 
compound nucleus. 

Under this assumption the energy distributions of the protons from the C12- 
(p,p')3 reaction should be characterized by Eq.(6). In the case of resonance 


scattering tg (6 +) = —1/:F;/(Epes— Ere). In this case Eq.(6) can be rewritten 
in the form 


ds r2 no, 
Segoe A (ie) mae ee ry 
dE p U , ® kvl SS SS 
7 (Bres— Frey —MaT~ (Epes Ere) — aT 7? ” at 


where Ey is the proton energy, £}., is the energy of the level in the Be® nucleus 
and E'res is the energy of the level in the Li5 nucleus involved in the scatter- 


ar MAE ey 


- 1127 - 


ing of the particles, FE.) is the relative energy of the two interacting Q-par- 
ticles, E,., is the relative energy of the interacting Q-particle and proton, and 
[, is the level width. 

For comparison with the experimental energy distributions of protons formed 
in the C12(p,p')3a reaction we plotted the theoretical sum curves. The addends 
for these were the curves of the energy distributions of the protons calculated 
on the assumption of simultaneous four-particle disintegration taking into ac- 
count possible interactions of the Q-particles on one of the levels of Be8 and 
an Q-particle with protons on the levels of Li®. 

The relative areas under the individual statistical curves (addends) were 
in agreement with the relative probability of manifestation of the levels of the 
Be° nucleus and the Li? nucleus in the investigated primary proton energy ranges. 
The probability for manifestation of a level in each energy range of the primary 
protons was investigated in the work of Ref.7. 

The calculated sum curves are shown in the figure. It will be evident that 
the shape of the experimental spectra of the protons is in agreement with the 
theoretical curves plotted on the assumption of simultaneous four-particle dis- 
integration of the compound nucleus, taking into account resonance interaction 
of the particles in the final state. It was found from the calculation that the 
peak of the energy distribution of the protons in the 2-3, 2.5-3.5 and 3-4 MeV 
regions for primary protons of energies in the 15-20, 21-23 and 24-29 MeV inter- 
vals, respectively, is due to interaction in the final state of two Q-particles 
on the O and 2.9 MeV levels of Be® and an Q-particle and a proton on the ground 
level of Lid. 

The maximum in the energy distribution of the protons in the 1-2 and 0.5-1.5 
MeV regions for primary proton energies in the 21-23 and 26-27 MeV intervals, res- 
pectively, is due to resonance interaction of two Q-particles on the 11.8 MeV lev- 
el of Be’ and interaction of an Q-particle and proton on the ground level of Lid. 


Institute of Nuclear Physics, 
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ELECTRON-NEUTRINO ANGULAR CORRELATION IN FREE NEUTRON DECAY 
- V.V.Vladimirskii, V.K.Grigor'ev, V.A.Ergakov, D.P.Zharkov, & 
Yu.V.Trebukhovskii 


Hitherto the angular correlation coefficient for free neutron decay has been 
measured twice. Robson? published the value dX = +0.07 + 0.12, whereas we ob- 
tained? X = -0.06 + 0.13. The error in these measurements was so large that we 
decided to measure X\ again using an improved set-up. 

In the present work we studied the recoil proton energy spectra by the time- 
of-flight technique; the momentum of the decay electron, and, hence, that of the 
neutrino, were fixed. Proton spectra corresponding to various values of X for 
electron momentum p, = 2mc are shown in Fig.1. Since the proton spectrum is very 
sensitive to X, measurement of the spectrum is a convenient means of studying an- 
gular correlation. 

A diagram of the experimental set-up is shown in Fig.2. The collimated 35 
mm diameter neutron beam, emanating from the USSR Academy of Sciences heavy water 
reactor, passed into an aluminum vacuum chamber containing the detectors and 
spectrometers for analyzing the decay electrons and 
recoil protons. The electrons were momentum |selected 
by a double toroidal 8-spectrometer. 3 The resolution 
of this system is 6%. At the intermediate focus of 
the spectrometer there was mounted a thin-walled (3 
mg/cm2 terylene) Geiger-Milller counter filled with 
circulating methylal. A plastic scintillator 90 mm 
in diameter and 1 mm thick was located at the second 
focus and coupled by a light pipe to a BS photomulti- 
plier. Our coincidence circuit selected only those 
electrons which passed through both detectors. Use 

\A=-1 of a double toroidal spectrometer made it possible to 
300400 500 600 700 &,,eV reduce substantially the chance coincidence background 
and to limit the volume in which decays were recorded. 

Fig.l. Recoil proton spec- The recoil protons were focused by an electrosta- 
tra at fixed values of the tic spectrometer onto an electron multiplier with an 
decay electron momentum axially symmetric Al-Mg alloy? window 24 cm2 in area. 
for different values of 
the angular correlation 


W/E) 


~ R 
PLE Cele \ ached 0 SOI 
lines indicate the limits | teplllae 
ZI 


of the proton spectrum for 
the specified electron mo- 
mentum. 


Fig.2. Diagram of the set-up for 
studying angular correlation in 
free neutron decay: 1) double 
toroidal B-spectrometer, 2) elec- 
trostatic time-of-flight analyzer, 
3) electron multiplier, 4) scintil- 
lation counter, 5) counter, 6) co- 
incidence circuit, 7) time analyzer, 
8) oscilloscope, 9) lead, 10) boron 
carbide shielding. 
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The electrostatic spectrometer was a capacitor with cofocal ellipsoid plates. It 
operates on the principle of an electrostatic mirror. The inner plate, made of 
screen mesh, was grounded; a positive potential was applied to the outer plate. 
The proton spectra were studied by the time-of-flight technique, inasmuch as 
the paths of particles in an elliptical field are the same regardless of the par- 
ticle energy and angle of emergence from the source volume. 
w(t) 
| wie) 
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Fig.3. Experimental pulse distribu- 
tion as recorded by the 12-channel 
time analyzer. 


Fig.4. Experimental energy dis- 
tribution of pulses due to the 
decay protons. Electron momen- 
tum Pp, = 2mc. The dashed lines, 
as in Fig.1, represent the li- 
mits of the spectrum. 


Two cofocal spherical screens were mounted in front of the multiplier ca- 
thode. To reduce the background a potential of +35 V was applied to the outer 
sphere, while the inner sphere was maintained at -4 kV. This field accelerated 
the protons and markedly improved the focusing onto the electron multiplier. 

The pulses due to protons and electrons were recorded on a 12-channel time 
analyzer with a 0.125 microsec channel width. The measurement range was from 
1.5 to 3 microsec. The counting rate was as high as 20 pulses per hour. The 
average ratio of chance to true coincidences was 1:3. 

The pulse distribution obtained experimentally is shown by the histogram 
of Fig.3. Channels 1, 2, 11 and 12 recorded the chance coincidence background. 
Fig.4 shows the same data replotted to an energy scale. A least square analysis 
of the results gave the value of X = -0.12 + 0.04. The indicated uncertainty is 
comprised of the statistical (0.02) and instrumental (0.03) errors. 

If we assume that tensor and scalar forms of interaction are absent, the 
value obtained for X corresponds to 
Piste eighty 
teal 
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REMARKS ON THE EXCITED STATES OF THE ODD-ODD NUCLEI HolS6 AnD Cs134 
- L.F.Kalinkin, A.S.Melioranskii & I.V.Estulin 


Holmium-166 


Low-lying states of g7Hol®6 form in B-decay of Dy166 (80.2 hr) and as a re- 
sult of neutron radiative capture by Hol65, Earlier wel considered the 7-transi- 
tions between the Hol66 levels evinced in these two processes. Helmer & Burson2 
and Rusinov et al3 supplied new detailed data on the decay of Dyl66, showing that 
the single-particle characteristics of an odd proton (Q,) and neutron (2,) could 
account for the energy levels of Hol66 , in agreement with the theory of strongly 
deformed nuclei. The results of detailed analysis of the new data are shown in 
Fig.l. 
3 The ground state of Hol66 has a (7/7, 7/2") 
configuration in agreement with the experimen- 
tal data on the spins of the ground states of 
the neighboring nuclei Hol65 (Qj="/,) Dy165 
(rai and Erl67 (Q7 —7/,*) and Nilsson's4 level 
428 tele ae scheme. The levels of HolS6 with energies 
570 (0) (%' Ye) 54.4 (27), 82.4 (17) and 175 (47) keV are ro- 
tational states of configuration (‘/,, 7/2’) 

57 with K = O and odd parity1,2. 
os e V2 War The isomeric level of Hol®© at 194 keV 
can be interpreted, by analogy with the iso- 
824 17s 72° abt meric states of ggDyl®5 (108 keV) and ggEr167 
OMe | (208 keV), by single-particle excitation of a 
neutron with Q2;—1/.. The appearance of such 
a state does not conflict with Nilsson's lev- 
Fig.1. Low-lying energy levels and el scheme. According to the theoretical cal- 
y-transitions observed in Dy166-R=, culations of Nilsson? and Lemmer and Green”, 
Hol66 and Hol65(n,y)Ho166, the value of 2; corresponding to single-par- 
ticle excitation of an odd proton is ‘7/2’. 
The allowed character of the B-decay of Dy166 to the 428 keV level of Hol§6 (log 
ft = 4.8) indicates that this level is reached by a single particle B-transition 
of a neutron without reorientation of the angular momentum and with AA = 0, 
Therefore it is natural to assigne to this level the configuration (‘/,*, 7/,*) , 
which would also explain the absence of a transition from this level to the 194 
keV (3+) level. The 370 keV level, which also forms in B-decay of Dy166, probab- 
ly has /" = 0+, which would allow of simple explanation of the peculiarities of 
the observed y-transitions. This explanation assumes that the 428 and 370 keV 
levels are the initial states of a rotatinnal band with K = O and even parity 
for the (7/,*, ‘/,") configuration. 

Thus most of the levels of Hol66 shown in Fig.1 agree fairly well with the 
theoretical calculations of level assignments and level sequences for strongly 
deformed nuclei.4,;5 At the same time the nature of the 230 keV level remains am- 
biguous. The experimental data do not exclude an El transition from this levell; 
then its parity would be even. In this event the level could be considered a 
consequence of excitation of a proton with Q; =1/.* in accord with Nilsson's level 


scheme.4 It is also possible that this state is associated with a configuration 
of several nucleons in unfilled shells. 


Erev 17 0% oR 


iL dd Le 


Cesium-134 


Previously we suggested that some of the low-lying excited levels of Cs134 
detected in studying the Cs133(n,y)Cs134 reaction, could be interpreted as cre 
ear multiplet states.’ The theoretical calculations of Varshalovich® permit us 

to state with much greater certainty that multiplet structure is present in the 
low-lying levels of Cs134, 


Figure 2 shows y-transitions from the initial 


E, keV T® state, which is formed in thermal neutron capture? by 

6702 (4*) Csl33, to lower levels of Cs!34, A comparison of the 
experimentally measured intensities of these transi- 

L | tions9 with Varshalovich's calculations® (the experi- 


ee hé mental and theoretical ratios of the reduced probabi- 


lities are respectively ~0.15 and 0.11) confirms that 
the 184 keV excited state belongs to a nuclear multi- 
184 a7 plet characterized by the (g;,, d:,) configuration of the 
odd proton and neutron, just as are the ground statel 
and the first (10.5 keV) level1l, This configuration 
allows of states with spin and parity 5*, 4*, 3*, and 
In, La, 2*. If we assume that all the lower levels with even 
parity shown in Fig.2 comprise a multiplet, then for 
pure Ml and E2 transitions from the 184 keV (3*) lev- 
; el to the 63 keV (2+) level and to the ground state 
et (4*) the experimental reduced probability ratio is 
we approximately an order of magnitude greater than the 
Fig.2. Some levels and y- theoretical ratio’, A favorable relative mixture of 
transitions in Csl34, The these radiations in the transitions could reduce the 
y-transition intensities discrepancy. The assumption that the 184 keV level 
are shown in the gaps in has the odd nucleon configuration (d;,,, dy,) leads to a 
percent referred to neut- difference of about three orders of magnitude between 
ron capture. the experimental and theoretical ratios of the reduced 
probabilities. 

The energy splitting and the spin sequence of the nuclear multiplet levels 
can be compared with theoretical predictions by using Schwartz's approximate cal- 
culations!?. From a calculation taking into account all the nucleons in unfilled 
shells, i.e., for (g:,)?,,-dy, configurations, and the reasonable value of 0.1 for @ 
(@ is a parameter which characterizes the admixture of spin forces!3) , one ob- 
tains the correct level splittings and spin sequence: 4+ (ground state), 5* (10.5 
keV), and 2+ (63 keV). However, the location of the 3+ (184 keV) level fails to 
agree with Schwartz's theory. 

It should be noted that Kaliteevskii et al14 attributed the (/w,,)o°(dy,)j, confi- 
guration to the neutrons in the unfilled shells of 55Bal35, The assumption that 
the neutron configuration is conserved in 55Csi34 requires a proton configuration 
(ds), (g7/,)40» which explains the spins of the ground state (4+) and isomeric state 
(8-) in agreement with Nordheim's "weak" rule as revised by Brennan & Bernsteinl3, 


In, "p 


Scientific Research Institute of Nuclear Physics, 
Moscow State University 
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LEVELS IN Cu64, EXCITED IN THE Ni®4(p,ny)CuS4 REACTION 
- A.K.Val'ter, I. I.Zalyubovskii, A.P.Klyucharev & V.A. Lutsik 


Information on the level structure of CuS4 can be obtained only from nuclear 
reactions. Investigation of the energy spectrum of protons from the Cu 3(a,p)Cue4 
reaction made it possible to establish the level structure of CuS4 above 3800 kev.1 
However, the decay of these levels has not been studied. Some scant data on the 
decay of some states of Cu64 have been obtained from studies of thermal neutron 
capture by Cu®3, However, it is difficult to identify y-transitions following 


this reaction when, as was the case in most investigations2~5 the natural Cu iso- 
tope mixture is used as the target. 


Results of y-ray energy measurements and comparison 
of our results with the data of otheys (energies in keV) 


as soak At AG Ni“ (p, ny) 
(d, p) 
t 

() |Ref.2| Ref. 3 | Ref. 4 Ref.5 ee Oe 
158 (8)| 150? 155 (5) | 162 (3) 

202 (10) 205 (10) | 205 (6) 
sae 280 (8) | 280 (10) | 280 (25) | 276 (10) ae 
360 (8) 367 (7)2 
574 (8) 
607 (8) 618 (11) | 620 (25) | 600 (50) 
664 (8) 
743 (8) 754 (21) | 770 (25) 
877 (8) 
894 )8) ; 5 
025 (8) }904 (21)? 910 (33); 


Note: The figures in parentheses are the uncertainties 
in units of the last digit. 


To investigate the low-lying levels of Cu64 and their decay one can use the 
hitherto uninvestigated Ni64(p,ny)CuS4 reaction. The threshold of this reaction 
as calculated from the nuclear masses® is 2450 + 6 keV (Q = -2412 keV), while the 
experimentally measured?’ threshold is 2500 keV (Q = 2460 keV), i.e., 50 keV high- 
er than the calculated value. 

Instead of detecting neutrons, the usual procedure in studying energy levels 
excited in (p,ny) reactions, we used a scintillation y-spectrometer (a 30 x 15 mm 
Nal(T1) crystal coupled to an FEU-42 photomultiplier) and a 60-channel pulse 
height analyzer. 

The target was a metallic foil 1 w thick prepared by electrolytic deposition. 
Its composition was: 9.7% Ni58, 6.1% Ni69, 0.4% Ni61 and 79.8% Ni®4*. This target 
was bombarded with 2.3 to 3.0 MeV protons accelerated in the 4 MeV electrostatic 
accelerator of the Physical-Technical Institute of the Academy of Sciences of the 
Ukrainian SSR. The y-ray spectrum obtained when bombarding the target with 3.0 
MeV protons is shown in Fig.l. The results of the energy measurements are listed 
and compared with the data of other authorsl-5 in the table. The y-spectrometer 
was calibrated with reference to the following sources: radioactive Hg293 (279 
keV) and H£181 (480 keV) and the Co99(p,ny)Ni59 (Ey = 342 + 2 keV) and CuS9(p,ny) - 
zn©5 (E., = 115 and 155 keV) reactions. The thresholds for excitation of the 162, 
279 and 349 keV levels were determined from the excitation functions shown in Fig. 
2 and found to equal 2656 + 4, 2782 + 5 and 2850 i 5 keV, respectively. The thres- 
hold, calculated from these data, for the Ni64(p,ny)CuS4 reaction is 2496 + 6 keV, 
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t al 
i 0 keV reported earlier by Blaser e 

j is in agreement with the value of 250 

seed ee stay higher than the computed threshold. Apparently, the value of sr 
atomic mass of Cu©3 and/or Ni64 given by Kravtsov® is erroneous. 


162 


100 720 
Channel No. 
Fig.1. Gamma-ray spectrum obtained in bombarding 
a Ni64 target with 3.0 MeV protons. 


Fig.2.presents the integral yield of y-rays with Ey > 600 keV (triangle- 
point curve) emitted as a result of the (p,v) and (p,p'y) reactions mainly on 
ni64, It will be seen that the maximum yield of these reactions is reached at 
a proton energy below the threshold of the (p,n) reaction and that each "parti- 
al" threshold is accompanied by a significant decrease in the yield of the (p,7) 
and (p,p'y) reactions. This circumstance can be utilized for determining the 
(p,ny) reaction thresholds. However, in this case, the target thickness has a 
significant effect on the accuracy of the threshold determinations; this is why 
one observes a decrease in the y-yield for proton energies some 20-30 keV above 
each (p,ny) threshold. However, such accuracy in the determination of thresholds 
is entirely sufficient to demonstrate that the 162, 279 and 349 keV y-rays cor- 
respond to cross-over y-transitions from the respective levels in CuS4 to the 
ground state (Fig.3). 

The behavior of the integral y-ray excitation function indicates that as a 
result of the competition of the (p,ny) reaction the yields of the (p,y7) and 
(p,p'y) reactions decrease sharply with increase of proton energy. Consequently, 
the proton elastic scattering cross section for reactions going through a Ni64 
compound nucleus stage should also be smaller compared to the cross section for 
other nickel isotopes. This has been observed by one of us.9 

The relative probabilities for exciting the 162, 279 and 349 keV levels in 
the Ni64(p,ny)CuS4 reaction can be determined from the excitation functions for 
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en ee er 7 oh eee ay’ 


Fig.2. Excitation functions of the 162, 279 and 
349 keV y-rays and the excitation function of the 
integral y-radiation with Ey > 600 keV. 


the corresponding y-peaks. With corrections for the diffe- 
rences in the sensitivity of the y-spectrometer to y-rays of 
of these energies, the slopes of the yield curves (Fig. 2) 
should be the same near the (p,ny) threshold for each y-line. 
Since our method precludes direct comparison to the intensi- 
ties of neutron groups to the ground and excited states of 
Cu64, we compared the relative decrease of the integral 
yield of the (p,y) and (p,p'y) reactions near the (p,n) 
threshold and near the threshold for excitation of the 162 
keV level. Such a comparison (Fig.2) indicates that the 
intensities of these neutron groups are probably equal. But 
then the ground and first three excited states of CuS4 are 
excited with the same probabilities in the (p,ny) reaction. 
Consequently, the spins of these states can differ from each 
other and from the ground state of Ni64 by no more than one 
unit. Inasmuch as the assignment for the ground state of 
Fig.3. Energy level Ni64 is O+ and since according to Nilsson's level diagram 


diagram of CuS4, the parities of the low-lying states of Cu64 are even, the 
states with Ot or 1+ must be excited with the greatest abun- 
dance. 


In this connection, some results of investigations of high energy y-transi- 
tions in the Cu63(n,7)Cu64 reaction?»> should be mentioned. Thermal neutrons are 
known to be captured by the 7915 keV level of cuS4, which has the characteristics 
1- or 2- since the spin and parity of the ground state of Cu®3 are 3/27. But the 
only y-transitions departing from the 7915 keV level are transitions to the ground 
state and to the 279 and 607 keV levels; no y-transitions to the 162 and 349 keV 
levels have been detected. Hence the spin of the 7915 keV level is most probably 
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transitions to the 162 and 349 keV levels would not be detected if the 
It is possible that the assignments for the ground 
u64 are 1+, Ot, 1+ and O+, respec- 


2-, and 7- 
spins of these levels are or. 
state and the first three excited states of C 
tively. 
In addition to the 162, 279 and 349 keV y-rays corresponding to levels of 
these energies in CuS4 a 205 keV y-ray was also observed to be excited in the 
(p,ny) reaction. This y-line was observed at Ep > 2.85 MeV. Consequently, it 
could appear only as a result of a cascade transition from the 349 keV or the 
next higher level of CuS4 via the 162 keV level, for it is known! that the fourth 
level of CuS4 lies less than 20 keV above the 349 keV level. Because of unfavor- 
able conditions for calculating the excitation function of the 205 keV y-rays, it 
is impossible to establish reliably from which of the two levels the 205 keV tran- 
sition departs. Consequently, to identify the departure level we turned to the 
data of Reier & Shamos4 and Groshev et al° who observed this y-transition. But 
these researchers did not detect a 349 keV y-line. Hence the 205 keV y-line is 
not associated with a cascade transition from the 349 keV level. On the other 
hand, the sum of the energies of the 205 and 162 keV y-transitions is the same 
as the energy of the fourth levell to within the limits of the accuracy with 
which the energies were determined; therefore the 205 keV y-transition must be 
attributed to de-excitation of the 367 keV rather than the 349 keV level. A 
cross-over transition from the 367 keV level to the ground state has not been 
observed either by us or by others. 4:5 

The 120 + 6 keV y-peak (Fig.1) was observed below the threshold of the 
(p,ny) reactions. By means of our method for identifying y-transitions in 
(p,ny), (p,p'y) and (p,y) reactions8 it was shown that the 120 keV y-peak is 
not associated with any of these reactions on Ni®4, 

We desire to express our gratitude to A.Ya.Taranov and A.A.Tsygikalo for 
permission to use the electrostatic generator and the V.N.Medyanik for prepar- 
ing the isotopic nickel foils. 


Physical-Technical Institute, 
Academy of Sciences of the Ukrainian SSR 
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POLARIZATION OF THE y-RAYS FROM THE Si30(p,y)P31 REACTION 
- P.M. Tutakin 


Introduction 


Measurement of level spins and parities is of interest from many standpoints 
including that of verification and improvement of nuclear models. 

In cases when the nuclei emit linearly polarized y-rays, the level parities 
can be determined by measuring the polarization. For measurement of the polariza- 
tion of y-rays with energies from 4 to 12 meV one can use photodisintegration of 
the deuteron. As is knownl , the process of deuteron photodisintegration in this 
energy range occurs almost entirely owing to electric dipole absorption. The 
yield of photoprotons at an angle @ to the vector E is proportional to cos?@ .2 
Taking advantage of this dependence and employing the nuclear emulsion technique, 
a number of authors3;4 have investigated the polarization of y-rays from nuclear 
reactions. 

S In the present work we measured the polarization of y-rays from the Si30(p,y7)- 
P reaction. For the 773, 939 and 979.5 keV resonances” we investigated the 
transitions from the resonance levels to the ground state of P31. These are the 
resonances observed by Broude, Green & Willmott® at 775, 955 and 1000 keV. It has 
been shown”>® that all these transitions are °*/2 —1/. transitions. For the 1393 
keV resonance’ we investigated the transition from the resonance level to the 1.26 
meV level (°/. —- */) transition}, 


Experimental Part 


The beam of monoenergetic HS ions, accelerated by the electrostatic generator 
of the Physical-Technical Institute (USSR Academy of Sciences), was incident on a 
thin isotopic target of Si30 prepared by magnetic separation. The y-rays emitted 
from the target at an angle of 90° to the direction of the beam were intercepted 
by the plates containing heavy water. The plates were arranged around the target 
in a steel annular cassette with a mean diameter of 80 mm. The cassette accomo- 
dated 12 plates measuring 12 x 14 mm. The thickness of the emulsion was 200 i. 
The exposure time was 30-40 hours with an average current of 20-25 yA to the tar- 
get. The energy loss in the target by 1 MeV protons attaned ~5 keV. In order to 
determine the photon track background, simultaneously with the plates soaked in 
heavy water, there were exposed plates soaked with ordinary water. Inasmuch as 
the high voltage generator was not used earlier for accelerating deuterons, the 
background of recoil proton tracks formed by neutrons from the D(d,n) He? reaction 
was nil. The general background from all possible sources was very low and hence 
was neglected in processing the experimental results. 

The direction and length of the photoproton tracks appearing in the emulsion 
as a result of disintegration of deuterons were determined by means of a micro- 
scope. The photoproton tracks were measured at all angles a in the plane of the 
emulsion. The angle a was measured from the direction of the particle beam. For 
counting, we accepted all photoproton tracks lying wholly within the emulsion, 
the entrance angle of which did not exceed 30°. 


Experimental Results 


If the radiation from a nucleus is partially polarized, the azimuthal distri- 
bution of photoprotons is of the form 
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W (a) =1-+(R—1) cos? a, (1) 


where R is the ratio of the intensity of the y-rays polarized in the plane ?P, de- 
fined by the direction of the accelerated proton and the emitted y-ray, to the in- 
g lane P. 
tensity of the y-rays polarized at 90° to the p 
Hamilton® showed that the value of the ratio f for each type of radiation is 
related with the coefficients of the polar angular distribution of the y-rays, 


written in the form 


W (8) ~1-+ a, cos? 6 + aycos*6+.... 


For electric dipole and quadrupole radiation of the value of R is given by 


1 + az cos 29 (2) 
Ry — 1+ ay 
and 
Rigepzcniec nei 2? a Gebeas “iGo S152) (og (3) 


1 + (a2 + a4) cos 26 


For magnetic dipole and quadrupole radiation the values of Ry, and Ry, are the 
reciprocals of Ry, and Rep. 

Comparison of the experimental 
angular distribution of photoprotons 
with that calculated by means of 
Eq.(1) allows of determining the 
character of the radiation (for ex- 
ample, El or Ml) and, consequently, 
whether parity change is involved 
in the transition. 

The photoproton range distribu- 
tion is shown in the accompanying 

ea at 3 figure. The photoproton energies 
4,4 corresponding to the centers of the 
Photoproton track length distribution peaks, determined from the ratio be- 

tween the range and the energy for 

the wet emulsion, correspond to the energies of the y-rays associated with the 
transitions from the excited state of P51 to the ground state (Ep = 773, 939 and 
979.5 keV) and to the first excited level at 1.26 MeV (Ep = 1393 keV). The pres- 
See of some short tracks can be explained by transitions to low lying levels in 

Bey 

The values of the level energies E*, the y-ray energies E,, and the calculated 
coefficients 4d, and a, for dipole and quadrupole transitions and the measured co- 
efficients a, are shown in Table 1. The divergence of the measured coefficients 
from the calculated values for pure dipole radiation always indicates a mixture 
of Ml + E2. For this reason a number of authors®,9, on the basis of analysis of 
the transition probabilities and the results of measurements of the angular dis- 
tributions of the y-rays attributed even parity to the 8.04, 8.20 and 8.24 MeV 
levels of p3l, 

The results of the present measurements of the polarization of the y~rays 
allow of obtaining further information on the multipole orders of the radiation. 
In Table 2 we list the measured and calculated by means of Eqs.(1), (2) and (3) 
numbers of photoproton tracks for pure El, Ml, E2 and M2 transitions in each 30° 
interval of ~«. In the last column of Table 2 we give the type of pure transition 
that is in agreement with the measured angular distribution of photoprotons. 


. 
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Table 1 
Level and y-ray energies and value of the coefficients a, and a 


ee Oe ee fan tornnie rife bac wol te apa! ): 


Ep, | E*, Ey, |Transi- aang wthed “exp 
keV MeV MeV : Dipol Quadru 
tion ipole adrupe 
rad. | wey [6] | [5, 7] | [10] 


773 =| 8,04} 8,04 |3/2+1/2 


—0,6 —0,40-+0,01|—0 ,44|— 

939 | 8,20| 8,20 |3/2+1/2| —o16 | +4 = 0,470,083 
—0,6 
—0,5 


—0,80-40,02|—0.61 


0 
0 

979,5) 8,24 | 8,24 |3/241/2 +4 0 |—0,64+0,03|—0,47 — 
2,0 


1393 | 8,64 | 8,64 |5/2+3/2 —1,87| +2, — —),45 — 
Table 2 
Measured and calculated numbers cf photoproton tracks* 
z = Experiment Calculated 
k ev M v SEBL ELS 
- 0—30° | 31—60°| 61—90°} 0—30° | 3i—60°] 61—90°] 0—30° | 31—60°] 61—90°] ment 
E14 M1 
773 | ~=—8,04 109 73 Me iii ile 73 35 85 SM 7a0) add FA 
939 | 8,20 124 | 183 | 228 | 278 | 183 88 Soe eA SS a 9278 M1 
979,5| 9,24 FHS 416 73-476" (416 56 oo 116) 176 FE 
1393 8,64 26 60 | 109 86 60 34 34 60 86 M1 
M2 E2 
773 8,04 109 73 34 10 73 | 136 | 136 73 10 2 
939 8,20 124 | 183 } 228 24 | 183 | 340 | 340 | 183 24 M2 
979,5| 8,24 173 | 116 73 45 | 116 | 246 | 216 | 416 15 E2 
1393 8,64 26 COPS 1.09 28 60 92 a2 60 28 M2 


*The calculated and experimental data are equated for the 31 to 60° 
angular interval. 


Conclusions 


The following conclusions may be drawn on the basis of the polarization 
measurements of the y-radiation emitted in the Si30(p,y)pP31 reaction. 

1. The radiations emitted in the transitions from the 8.03, 8.20 and 8.24 
MeV resonance levels (I = 3/2) of P?1 tq the ground level (I = 1/2*) and in the 
transition from the 8.64 MeV level (I = 5/2) to the 1.26 MeV level (I = 3/2+) are 
noticeably polarized. 

2. Measurements of the angular distributions of the photoprotons show that 

a) for the 939 and 1393 keV resonances the transitions are primarily Ml with 
a small admixture of E2 radiation; from this it follows that the p3l nucleus in 
the 8.20 and 8.64 MeV states has even parity; 

b) for the 773 and 979.5 keV resonances the transitions are primarily E2 
with an admixture of Ml, and hence the 8.04 and 8.24 MeV levels also have even 
parity (for the 979.5 keV resonance this assertion may be open to question inas- 
much as the coefficient a, has been measured with low accuracy). 

I desire to express my gratitude to the group working under A.A. Tsygikalo 
and S.P.Tsytko for assistance in carrying out the experiments. 
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LEVELS EXCITED IN THE F19(Q,p)Ne22 REACTION 
- A.M.Romanov, E.V.Myakinin & M.P.Konstantinova 


Most of the available information on the energies of the low-lying levels 
of Ne22 has been obtained in investigating the F19(@,p)Ne22, N22(p,p')Ne22, and 
Na22(y , p)Ne22 reactions and studying B-decay of Na22, Some data on levels in 
Ne22 above 11 MeV have been obtained by observing the neutron yield resonances 
for the 018(q,n)Ne21 reaction. 

The data on the levels of Ne22 have been systematized in the review by 
Ajzenberg-Selove & Lauritsen!, Analysis of these data gives reason to assert 
that the energies of only two of the excited levels of Ne22 have been reliably 
established. 


With a view to obtaining 


idee aunt +Fig.1. Diagram of the further information on the lev- 
a ho epamanell experiment: C - colli- el diagram of Ne22, particular- 
ea T AS ¢  mator, T - target, FC ly in the excitation energy 
Sigel, ee ~- Faraday cup, PP - range above 3.3 MeV, we inves- 
Ma oda rs photographic plate, tigated the energy spectra of 
et ee A - apertures. protons from the F19(q,p)Ne22 


reaction at incident Q-particle 
energies of 10.3, 13.6 and 14.7 
MeV. 

The experimental arrangement is diagramed in Fig.l. The Q-particle beam 
from the cyclotron of the Physical-Technical Institute of the USSR Academy of 
Sciences was focused by means of quadrupole lenses and collimated. The target 
was located in the center of the brass chamber at an angle of 45° to the beam. 
The target was a fluoroplastic film with a superficial density of 1.3 mg/cm. 

The photographic cassettes with Ya-2 nuclear plates (emulsion thickness 100 jt) 
were mounted inside the chamber at a distance of 206 mm from the target. The 
cassette windows were covered with aluminum foil, which protected the photograph- 
ic plates from light and stopped Q-particles scattered from the target. 

The photographic plates were processed in the usual manner and scanned by 
means of an MBI-2 microscope. Typical range distribution histograms are shown 
in Figs.2 and 3. The mean energies of the proton groups from the F19(q,p)Ne22 
reaction were determined by means of range-energy curves for aluminum and photo- 
graphic emulsions. As the energy scale references we used the position of the 
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Fig.2. Histograms of tracks of protons 
from the F19(@,p)Ne22 reaction at Eq = 
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proton group from the C12(q,p)N15 reac- 
tion (Q, = -4.965 MeV) and the position 
of the p: proton group from the F19(@, 
p)Ne22 reaction corresponding to forma- 
tion of Ne22 in the second excited state 
(we assumed Q, = -1.67 MeV). Analogous 
measurements were carried out for two 
emission angles (@,ap = 60 and 90°) and 
three Q-particle energies (Eq = 10.3, 
13.6 and 14.7 MeV). This enabled us to 
identify more reliably the proton groups 
from the F19(Q,p)Ne22 reaction and to 
establish the mean proton energies. 

For determining the excitation energy 

of the levels in Ne22 we used the rela- 
tion 


where Q; is the reaction energy in ex- 
citation of the i-th level of the final 
nucleus, Mp, m, and m, are the masses 
of the proton, Q-particle and final 
nucleus, respectively, F, is the Q- 
particle energy (laboratory system) , 
E,, is the mean energy of the pro- 
ton group produced in the reaction 
with formation of the final nucleus 
in the i-th state, and @ is the 
angle of emission of the protons 

in the laboratory system. 

The reaction energy Q,, in ac- 
cord with the masses of the nuclei 
participating in the reaction, was 
taken equal to 1.69 MeV. 

The results of analysis of the 
experimental data are given in the 
accompanying table together with 
the results of other authors?,3, 

It may be noted that the existence 
of levels at 6.37, 7.52 and 8.54 
MeV has not been reported hitherto. 
The energy of the third excited lev- 
el as determined in our experiments 


140 is in good agreement with the data 


R,scale div. of Ophel & Wright?, but differs sub- 
-Fig.3. Histogram of tracks of protons from stantially from the erie sre ron es 
| 22 reaction at Ey = 13.6 MeV _ by Foster, Stanford & Lee“. 


- 1142 - 


Energies of levels in Ne22 (Mev) In all cases the intensity of the 7» 


———_— proton group associated with formation of 


fede Par sees liOur Ne22 in the ground state was appreciably 
O- Snul oaey data lower than the intensity of the proton 
; basloe, qit| at Stee groups corresponding to formation of Ne22 
9 5 53 336-£0,05 in higher excited states. Thus, for ex- 
3 4,9 4,4  |4,46-+0,10 ample (see Fig.2), the intensity of the 
: el a enous Po. Pr Po and pz, proton groups at Eo = 10.3 
6 -- —  |6,37+0,12 MeV and 6,,; = 60° are related as 1:10:12:4. 
f = S ea At Eq = 13.6 MeV and @jap = 60° the intensi- 


ty ratios of the p,, p, and p, groups are 
1:7:20, and at Ey = 14.7 MeV and @jap = 90° 
the ratios are 1:6: 22. 

The fact that the intensity of the p) proton groups is some 6-12 times lower 
than the intensity of the p, group is, apparently, connected with the character 
of the shell structures of the initial (F19) and final (Ne22) nuclei. To clarify 
this matter we are undertaking a further investigation of the distribution of 
the p., p; and p, proton groups in a wide range of angles. In this connection, 
we note that in the case of the Al27(Q,p)Si30 reaction, investigated by us earli- 
er*, the proton energy spectra have the same peculiarities, and the angular dis- 
tribution of the p, and p, group protons indicated that direct interaction mechan- 
isms play a substantial role. 


Physical-Technical Institute, 
Academy of Sciences of the USSR 
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SPIN AND PARITY ASSIGNMENTS FOR SOME STATES OF Cd112, sn118 anp gn120 
- O.F.Nemets & V.V.Tokarevskii 


Excitation of collective levels in stripping reactions has been considered 
theoretically by Satchler! who showed that the probabilities for the reactions 
with excitation of the successive levels of one vibrational band should differ by 
approximately an order of magnitude for neighboring levels. To verify Satchler's 
inferences, we chose Cd112, Sn118 and Sn120, inasmuch as the relative energies 
and spins of the first two levels in these nuclei (the first level is obviously 
a triplet one) give reason to assume that they are vibrational levels. Moreover, 
the angular distributions of protons from stripping reactions on Cdlll, sn117 
and Sn119 have not hitherto been studied. 

The measurements were carried out using 13.6 MeV deuterons; the experimental 
procedure has been described in Ref.2. The unbacked targets, enriched to at least 
90%, were prepared in the laboratory of A.P.Klyucharev at the Physical-Technical 
Institute of the Ukrainian SSR Academy of Sciences. 

The proton angular distributions are shown in Figs.1,2 and 3. In all figures 
eM egete curves represent the results of calculations according to Butler's the- 
ory’. 

For all three nuclei transitions to the ground state are accompanied by trans- 
fer of momentum /, = 0, while the transitions to the first excited states involve 
i, = 2. Inasmuch as the spins of the ground states of the initial nuclei are all 
1/2+, the /, = 0 value is consistent with the 0+ assignment for the ground states 
of the even-even final nuclei. 

The possible assignments for the first two excited states are 1+, 2* and 3t, 
which is consistent with the value 2* obtained from B-decay for the 0.618 MeV 
level of Cd112, the 1.210 MeV level of Snl18 and the 1.180 MeV level of Sn120, 
The ratios of the probabilities of the reactions corresponding to transitions to 
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Fig.1. Angular distributions of protons from the reactions: a - sn117(a,p)sn218 
(i, =O, 1 = 7-67 f); b- snll7(q,p)Sni18m (1, = 2, 7 = 6.3 f). Curves cdicu- 
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Fig.2. Angular distributions of protons from the reactions: a - Sn119(q,p)sn329 
(i, = 0, r = 7.70 f); b= Sn119(q,p)Sn120m, (; = 2, m = 5.65 f). 
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Fig.3. Angular distributions of protons from the reactions: a - catil (a,p)cagt2 
(1, = 0, ro = 7.57 f); b - Calll(a,p)callam (7, = 2, 7» = 6.60 f). E 


the ground states of the final nuclei to the probabilities of reactions corre- 
sponding to transitions to the first exciGed states multiplied by the statistical 
factor proved to be 4.4 + 0.2, 4.8 + 0.1 and 5.7 + 0.1 for Cdll2, sn118 ang snl 0, 
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respectively; this is an approximate agreement with the value of ~10 predicted 
by Satchler,1 

A noticeable feature in the angular distributions is the greater height of 
the secondary peak as compared with that predicted by Butler's? plane wave theo- 
ry. Both the great dip between the first and second peaks for J, = 0 and the 
very small contribution of the isotropic part of the angular distribution indi- 
cate that the process of formation of a compound nucleus plays an insignificant 
role. To obtain agreement with the simple plane wave theory of stripping as re- 
gards the location of peaks in the angular distribution for /, = 2, one must as- 
sume smaller than usual values for the interaction radius (7) = (1.7 + 1.22 Al/3) ¢), 
Such deviations can be explained in the framework of the theory taking into account 
nuclear and electric interaction. 

We desire to express our gratitude to A.P.Klyucharev for preparation of the 


targets and the personnel of the cyclotron laboratory for insuring operation of 
the equipment. 
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ANGULAR DISTRIBUTION OF PHOTOELECTRONS EJECTED FROM Ag AND Bi TARGETS 
BY Csl37 GAMMA-RAYS 
- K.K.Aglintsev, V.V.Mitrofanov, A, A,Rimskii-Korsakov & V.V.Smirnov 


Introduction 


The angular distribution of photoelectrons from y-radiation is described by 
Sauter's formula!, which should be valid for hard y-rays and converters with small 
%. Inasmuch as in deducing the formula, Sauter did not take into account the in- 
fluence of the field of the nucleus, this formula will not be correct in the range 
of large angles @ of emission of the photoelectrons relative to the direction of 
the incident photons. 

Sliv? developed a method of calculating the angular distribution of photo- 
electrons in the relativistic region, taking into account the Coulomb field of 
the nucleus. The expression deduced by Sliv is a series that converges rapidly 
for small Z and large @. Calculations for substances with Z = 20 and 47 yield 
angular distribution curves differing significantly from the curves given by 
Sauter's formula. In a later paper, Sauter showed that for 9 = 0, i.e., in the 
direction of the incident photons, the photoelectron yield must differ from zero. 
The results of calculation of Io/Ingx, the ratio of the photoelectron flux in 
@ = O direction to the maximum flux corresponding to a certain optimum angle, 
for the case of a lead target and Co® y-rays are close to the experimental value 
obtained by Hedgran & Hultberg4. 

Experimental investigation of the angular distribution of photoelectrons 
for the purpose of checking the theoretical formulas is difficult owing to strong 
smearing out of the angular distribution because of multiple scattering of the 
electrons in the converter. The use of thin converters leads to sharp decrease 
of the photoelectron flux, which makes it impossible to obtain reliable data, 
particularly in the range of small and large angles where the intensity is mini- 
mal. The experimental curves obtained in the work of Refs.4-7 are strongly 
smeared out and do not correspond to the true angular distribution. The experi- 
menters referred to were able to obtain angular distribution curves close to the 
theoretical curves of Sauter only by introducing large corrections for the geo- 
metry of the instrument, etc. 

The purpose of the present work was experimental investigation of the angu- 
lar distribution of photoelectrons ejected by Cs137 y-rays from thin layers (~0.05 


mg/cm?) of silver and bismuth and comparison of the results with the theoretical 
data. 


Experimental procedure 


The angular distribution experiments were carried out on a Ritron type mag- 
netic spectrometer, the design of which allows of obtaining the spectrum of elec- 
trons ejected by y-rays from a target at different angles.8 This instrument is 
diagramed in Fig.1. The electrons with momentum satisfying the detecting condi- 
tions, ejected from the target T by the collimated y-ray beam emerge in the di- 
rection TB at an angle @ to the incident beam and are detected by counters 1 and 
2 which are connected into a coincidence circuit. The spectrometer had the fol- 
lowing parameters: design radius 11 em, height of main slit 46 cm, width of main 
slit 2 mm. The source - 6 curie of Csl37 - was mounted in a massive lead colli- 
mator, which by means of special device could be rotated about the vertical axis 
through the center of the target (converter) in the range of angles from 0 to 80°, 

The character of the photoelectron spectrum from a 25 yw thick Bi target is 
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Fig.l. Diagram of the spec- 
trometer: I - Cs137 source, 
T - target(converter), A & 
A' - slits, 1 & 2 - counters. 
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Fig.2. Spectrum of photo- 
electrons ejected by Cs137 
_y-rays from a 25 » thick 
Bi target. 
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shown in Fig.2. The half-width of the K photoelec- 
tron line equalled 2.5%. To elucidate the influence 
of electron scattering in the converter on the char- 
acter of the angular distribution, we performed ex- 
periments with converters of different thickness. 
The silver converters 15 (16 mg/cm2) and 6 yu 

(6.3 mg/cm?) thick were foils, the 0.70 w (0.74 
mg/cm?) , 0.21 4 (0.22 mg/cm2), 0.08 p (0.08 mg/cm2) 
and 0.06 uw (0.06 mg/cm2) converters were prepared 
by sputtering silver onto thin collodion films. 

The bismuth targets, all which were prepared by 
sputtering, had thicknesses of 0.37 pw (0.36 mg/cm2) , 
0.05 p (0.05 mg/cm?) and 0.02 up (0.02 mg/cm2). The 
thickness of the deposited layers was determined by 
weighing coated and uncoated sections of the back- 
ing. The angular distribution of photoelectrons 
was determined from the intensity of the K line at 
different angles of incidence of the y-ray beam in 
the range from 0 to 50°. The photoelectron flux 

at the given angle was determined as the difference 
between the area under the corresponding peak and 
the background recorded under the same conditions 
but with an uncoated collodion film. The indicated 
uncertainties are statistical. 


Results and discussion 


The experimental angular distribution curves 
obtained with the 6, 0.21 and 0.06 wp thick Ag con- 
verters are shown in Fig.3. The analogous curves 
for 0.37 and 0.05 pw thick Bi converters are given 
in Fig.4. The solid line in the figures represent 
the angular distribution curves calculated accord- 
ing to Sauter's formula for the given y-ray energy 
and Z of the converter. As will be evident from 
Fig.3,a the experimental points in the case of the 
Ag target with a superficial density of 0.06 mg/cm” 
fall on the Sauter curve within the limits of the 
statistical uncertainty. With increase in the tar- 
get thickness (Figs.3,b & c) and experimental points 
depart ever further from the theoretical curve, par- 
ticularly in the range of angles close to 6 = 0. 

In the case of the Bi targets the experimental 
curves differ markedly from the curves given by 
Sauter's formula. 

It will be noted that even for the Ag target 
with a superficial density of 0.22 mg/cm? there is 
observed a substantial photoelectron flux at 9 = 0. 


In order to establish the correspondence between the experimental angular distri- 
bution curves and the theoretical curves one must carefully analyze all the fac- 
tors that may distort the experimental results. One group of factors is connected 
with the instrument used for the measurements. In the Ritron, as in most spectro- 
meters, there are detected not only the electrons emitted from the target at the 
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Fig.3. Angular distribution of K photoelectrons ejected by Cs137 y-rays from Ag 

targets of different thickness: a) superficial density 0 = 0.06 mg/cm2, b) o = 

= 0.22 mg/cm2, c) o = 6.30 mg/cem2, Solid lines - theoretical curves calculated 

by means of Sauter's formula. Dashed lines - curves through the experimental 

points. Dash-dot lines - calculated curve according to Sauter but taking into 
account electron scattering in the target. 
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Fig.4. Angular distribution of K photoelectrons ejected by Cs137 y-rays from Bi 
targets of different thickness: a) o = 0.05 mg/cm2, b) o = 0.36 mg/cm*. Solid 
lines - curve calculated according to Sauter's formula; dashed lines - curve 
drawn through the experimental points. 


measured angle 9, but also electrons moving at other angles close to @. This 
leads to smearing out of the angular distribution. The results of calculations? 
of the efficiency of "capture" (acceptance and detection) of electrons as a func- 
tion of the angle for @ = 0 and 9 > 15° in working with the given spectrometer 
are presented in the form of curves in Fig.5,a. In Fig.5,b, together with the 
original distribution curve calculated according to Sauter's formula, we show 

the curve recalculated taking into account the efficiency of electron "capture" 
in the spectrometer. It will be evident that the introduced distortion cannot 
have a significant influence on the results. 
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Distortion of the initial 
d/o, arb.units angular distribution of photoelec- 
trons can also occur because of 
electron scattering in the films 
covering the entrance and exit 
windows of counter 1 (in our case 
collodion films <1 yw thick). In 
order to evaluate the effect of 
this factor, we compared the 
photoelectron spectra recorded 
at different angles with and 
without films on the windows of 
counter 1; in the latter case the 
electrons were detected only by 
counter 2. Comparison of the re- 
sults showed that the presence 
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02°. 8 92° 0 20 Teer of films on the windows of counter 
l has no significant effect on 
Fig.5. a - Efficiency of electron "capture" the character of the angular dis- 
in the spectrometer for different angles of tribution. 
emission; b - comparison of Sauter's theo- Another, more significant 
retical curve (1) and the same curve correct- factor distorting the angular dis- 
ed for the efficiency of electron “capture” tribution is electron scattering 
in the spectrometer (2). in the material of the converter. 


The scattering factor can be char- 
acterized by the ratio Io/Imax. 
Approaching the distribution cor- 
responding to Sauter's formulas, 
this ratio will tend to zero with 
decrease of the converter thick- 
ness. When Io/Imax does not equal 
0, as occurs in the case of Bi 
targets, this ratio must tend to 

a certain constant value. Fig.6 
shows the variation of Io/Inax 

as a function of the target thick- 
ness t. It will be evident that 
in the case of the 0.06 p thick 


001 Of 40 (0 100 Ag converter the photoelectron 
leg tp scattering is virtually nil. In 
Fig.6. Variation of the ratio I,/Imax with contrast, for Bi targets the ratio 
the target thickness t. Dashed line - calcu- remains virtually constant at 
lated data for Ag converters. 0.4 + 0.1. Theoretical evaluation 


of the electron scattering in the 
converter was carried out by the method proposed by Dzhelepovl9, This method is 
‘based on Williams11 scattering theory and allows of calculating the distortion of 
the initial angular distribution owing to scattering in the converter with a mean 
number of collisions N >10. 

In our case this method is applicable to targets having a thickness greater 
than 2p. In Fig.3,c the dash-dot line represents the calculated curve character- 
izing the angular distribution of photoelectrons undergoing scattering in the con- 
verter. The calculated values of Io/Imax for thick targets are given by the dash- 
ed line in Fig.6. Comparison of the calculated data with the experimental results 
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showed that calculations by Dzhelepov's method apparently yield overestimates 
for the scattering cross section. 

For thin converters, where the number of collisions N = 0.04 to 0.14, the 
Dzhelepov method of calculation is not applicable. In this case an approximate 
evaluation of the electron scattering in thin layers was carried out using Mott's 
formula. These calculations showed that in a 0.2 w thick Ag layer virtually all 
the 0.6 MeV electrons are scattered through angles in the range from 0.05 to 0,29. 
Thus it may be asserted that the curves reproduced in Figs.3,a and 4,a represent 
the actual angular distribution of K photoelectrons ejected from Ag and Bi con- 
verters by Csl37 y-rays. 

The presence in the case of Bi converters of photoelectrons emitted at @= 
= 0° substantiatesthe results of Sauter & Wister3; further investigation of this 
effect would be of interest from the standpoint of the theory of the photoeffect. 

We desire to express our gratitude to M.N.Chubarov for assistance in carry- 
ing out the measurements. 
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EXCITED STATES OF Li’ WITH ENERGIES UP TO 9 MeV 
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Fig.l. Energy distribution of 
tritons from the Li’ (y,t)He+ 


reaction. 
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-~ V.G.Shevchenko & B.A. Yur'tev 


At present, attempts to explain the posi- 
tions and spins of the low-lying excited states 
of Li? on the basis of the shell model meet 
with certain difficulties. The shell model 
calculations of Inglis!, Kurath2 and Balashov?, 
assuming intermediate coupling, indicate that 
there should be a 5/27- level in the energy 
range from 5.5 to 6.5 MeV. However, the ex- 
perimental data reveal in this region only a 
single broad level with even parity, which Lane 
has interpreted as a 1s‘1p?2s,,., single particle 
level. Attempts have been made to determine 
the level scheme of Li? by observing the 
Li’ (y, t)He4 reaction at different values 
of Ey max-*?> Erdos et al* found levels at 
4.7, 5.5, 6.8, 7.4, 8.3 and 9.0 MeV, and at- 
tempted to determine the spin and parity of 


The curve represents the first three levels from the angular distri- 
the sum of the measurements at bution of the reaction products. Miwa and 
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Fig.2. Cross section for the 


Li’(y,t)He* reaction. 


rel 


60 


90 


120 


158-0" 


Yamanouchi® investigated Li’ for excitations 
above 6 MeV and found levels at 6.6, 7.8 and 
8.8 MeV. However, in both studies inadequate 
statistics and the presence of stars from other 
reactions made it impossible to obtain truly 
unambiguous results. 

In the present work we investigated the 
Li’ (y,t)He4 reaction with a spectrum of brems- 
strahlung having a maximum energy of 9.5 MeV 
in order to elucidate in more detail the char- 
acteristics of the excited states of Li’ in 
this energy region. Our y-source was the 
Moscow State University Scientific Research 
Institute of Nuclear Physics betatron, which 
produces a bremsstrahlung spectrum with a maxi- 
mum energy of 35 MeV. The maximum energy of 
the y-radiation, E x = 9.5 MeV, was chosen 
to assure that the Li? (y,t)He4 reaction would 
be the only reaction producing charged particles. 

The target was made of 2.4 mg/cm? natural 
lithium foil and was mounted in the vacuum 
chamber at an angle of 30° to the direction 
of the collimated y-ray beam. The radiation 
dose was monitored with an ionization chamber 
which was calibrated with reference to the 


Fig.3. Angular distribution of tritons correspond- 
ing to the 5.3 MeV state of Li’ (points). The theo- 
retical curve numbers in this and the following 
figures correspond to those in the table. 
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Triton angular distributions in the Li7(y,t)He* reaction 


: Curve No. 
neal 7 LK | 7 (8) eee 
transition \ 
5 ly 2 | 1 + sin29 I 
BE 3/5 ad) 1 —0,43-sin?9 2 
| Ls O: aul const 3 
es 3 4 ++ sin29 1 
M1 2 le a 4 — 0,43-sin29 2 
Le, ae const 3 

i | 
| "Io 3 1 + 3,528-cos?8 — 2,647-cos*d 4 
95 5/o 3 4 —1,875-cos?9 + 2,5-cos*d } 
Hi2 3/5 1 const 3 
1), 4 const z 


Note. J is the spin of the excited state, L is the relative orbital 
angular momentum of the triton and the Q-particle. 
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Fig.4. Angular distribution 
of tritons corresponding to 
the 66 MeV state of Li? 
(points). 
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Fig.5. Angular distribution 
of tritons SATE | to 
the 8.3 MeV state of Li 


(points). 
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ing angular distribution was not plotted. 


indications of a thick-walled aluminum chamber.® 

In view of the low intensity of the y-radiation, 
the error in the calibration was ~20%. The tritons 
from the target were recorded on NIKFI type T-3 
photographic plates with 100 » thick emulsion; the 
plates were positioned in the chamber at 30°, 60°, 
90°, 120° and 135° relative to the direction of 

the y-ray beam. We scanned a total plate area of 
about 53 cm? and observed and measured 998 triton 
tracks. 

The integral energy distribution of tritons 
at 30°, 60°, 90°, 120° and 135° is shown in Fig.l. 
It will be evident that rather sharply defined 
groups appear at triton energies of 1.7, 2.5 and 
3.5 MeV; also there is a weakly resolved group at 
3.1 MeV. The positions of these groups correspond 
to levels in Li’ at 5.3 + 0.2, 6.6 + 0.2, 7.5 + 
+ 0.25 and 8.3 + 0.3 MeV. The Li’(y,t) reaction 
cross section, shown in Fig.2, was calculated on 
the basis of the triton energy distribution. The 
uncertainty in the values of the absolute cross 
section is ~40%. The relative error, upon which 
the shape of the curve is dependent, is determined 
only by the statistical uncertainty (indicated by 
vertical bars in Fig.2). 

Figs.3,4 & 5 show the angular distributions 
obtained for distinct groups of phototritons, cor- 
responding to Li?’ excitation energies of 5.3, 6.6 
and 8.3 MeV. Because the 3.1 MeV phototriton group 
(€y 7.6 MeV) is poorly separated from the more in- 
tense 2.5 MeV group (Ey = 6.6 MeV), the correspond- 
Theoretically calculated angular dis- 


= 
— 


tributions are given in the table and are plotted in Figs.3-5 (numbered curves). 
A comparison of these curves with the experimental results shows that the pos- 
sible assignments for the 5.3 MeV state are 5/27 or 5/2t, for the 6.6 MeV state 
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Fig.6. Li’ level diagrams. 
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5/2* or 5/27, and for the 8.3 MeV level 3/27, 
3/2* or’ 5/27. Comparison of the experimentally 
determined intensities of the electromagnetic 
transitions with the previously mentioned LS 
coupling shell model calculations of the intensi- 
ties of El, Ml, and E2 transitions to the listed 
levels showed that the 6.6 MeV level is excited 
by El absorption, while the 5.3 and 8.3 MeV lev- 
els are excited by either Ml or E2 absorptions. 
The calculations indicate that the 5.3 MeV level 
has spin and parity 5/27, the 6.6 MeV level 5/2t 
and the 8.3 MeV level 3/27 or 5/27. The experi- 
mental energies of the 5.3 and 8.3 MeV levels 
are in good agreement with the results of Bala- 
shov's calculations? (Fig.6). 
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ON THE INFLUENCE OF COLLECTIVE EXCITATIONS OF THE SUPERFLUID PHASE 


IN NUCLEI ON THE NUCLEAR MOMENTS OF INERTIA 
- B.B.Dotsenko 


Application to nuclei of the methods of Bogolyubov! and the ideas of the 
theory of superconductivity has made it possible to explain a number of experi- 
mentally observed properties of nucleil~4. In particular, the values of the mo- 
ments of inertia of nuclei have been explained by Migdal5, who also considered 
the superfluid nucleonic condensate in nuclei in the ground state, taking into 
account elementary excitations and fluctuations. Migdal hypothesized that the 
nucleus consists of a proton (p) and a neutron (n) subsystem, in which, in addition 
to a self-consistent field, there are residual p— p and n—ncorrelations. These 
systems have their own Fermi energies LFy(p) and Ey(n). The moment of inertia of 
the nucleus J =J,-+ J,, where J, and J, are the moments of inertia of the respect- 
ive subsystems which, according to Migdal, depend on the width of the energy gaps 
A, and A, of the subsystems (the width of the gaps must be determined from experi- 
ment). The gyromagnetic ratio g,=J»/(Jn-+J,) for Sm152, Sm154 and Nd150, accord- 
ing to Migdal, equals 0.21 + 0.04. Whence /J,/J,~3.5 +1. Inasmuch as J,/J,= 
—(N/Z)"A,/An (where NV is the number of neutrons in the nucleus and Z is the num- 
ber of protons), we have 


eh <A whee 205) 


Thus according to experiment, the effective width of the energy gap A, of 
the neutron subsystem is substantially smaller than the width of the gap A, of 
the proton subsystem, although for ground states of the subsystems A,,~A,,. would 
appear more probable (the influence of the excess kinetic energy in the neutron 
subsystem on A,,. is approximately equivalent to the reducing effect of the Coulomb 
repulsion in the proton subsystem on Aj, - see Bogolyubov?). 

In this connection let us consider qualitatively in the semiclassical approxi- 
mation the collective excitations in the 7m and p subsystems according to the scheme 
proposed by Migdal® (also see Ref.6). We assume that the nucleons occupy states 
with momenta P= p+ M/[rQ] in a system rotating with angular velocity 8. We use 
the Bogolyubov-Fock method and introduce the correlation functions for the distri- 
bution of the particle-particle and particle-hole complexes” 


F (f, f') = <afap>o = vjyop; D (fr, fo) = <ay,44,>0 = By, Vjys (1) 


where aj and a, are the Fermi amplitudes of the particles in the state /= (P, <) 
(as regards spins the states of the particle pairs are singlet8) , and u and are 
the coefficients of Bogolyubov'st»7 canonical transformation. If there acts upon 
the system a weak perturbation with momentum q<p, (Pp, is the Fermi momentum) , 


tending to change the momentum 
lyubov7 e p of the paired nucleons, then according to Bogo- 


F=F,+6F; ®=0,+80, (2) 


where F’, and @, describe the ground state of the systen, 


OF (fis fo) = v4.0), (— fay fo) + up.nyht (—f 
1i“fe 1s /2 1" fe 29 7); 
OD (fs fo) = wy.0)h (fs fe) + P1744 (— fo —f)s Af, Y= —d peta (3) 
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and X% is a parameter describing the collective excitations. Representing > in 
the form of a superposition of normal oscillations? 


iG Ps fe —iEt : c —iE 
(fi fe) de Ee (fy fe)i  M (fy fe) = de A (fay fs) (4) 
and operating according to Bogolyubov’, we obtain for the functions 
p = 
a(p) =§ (Pi, Po) — NaleaPr —P2) and €,(p) = § (pi, pe) + n(— pr, Pi) (5) 
(Pi + Ps = q) 


the following equations 


{= (p) + = (p—q)}9(p) + $1 Qq(p, p’) 9 (p’) = EL (p), 
‘ : s (6) 
{= (p) + = (p—q)}C(p) + 1 Ra (p, p’) & (p’) = £0 (p), 


where &(p) = V (e(p)—w)?+ C?(p), e(p) is the energy of one particle, 1 is the chemi- 
cal potential (u= EL»), C(p)=A, 


Qa(P, p’) = g (Pp, p’) L(p) L(p’) +a (p, p’) M (p) M (p’), 
Faq (P, p’) = g (Pp, p’) S (p) S (p’) + Gy (p, p’) T (p) T (p’), 
L(p) = u(p)u(p—q) + v(p)v(p—q), 

M (p) = v (p)u(p— q) —u (p) v (p —Qq), 

S(p) = u(p)u(p— q) — v(p) v (p—q), 

Lf (p) = v(p)u(p—q) + u (p)v(p—q) 


(6") 


? 


g(P, p’) = g(p, —p +q; —p’ +q, p’) 18 the "normalized" effective correlative inter- 
action of two nucleons, 
Iq (P, P') = 8(P,P’'—4; P’,P—q)—g(p,P’'—q; P—gq, p’) —g(p,— 
pip + q,'p=q)} 
1 (6") 
Gq(P, P’) = 8 (P, P’ —q; p’, Pp—q) —g (Pp, p’'—q; p—q.p’) + 
ae (2; =p p= p- gq); p=q): 

We note that Marumori* independently derived for jj coupling and the shell 
model equations analogous to the expressions for £ and y, from which there was 
deduced the set (6). The secular equation for the set (6) has a root lying in- 
side the energy gap (see Ref.7 and Ref.4), i.e., the corresponding collective 
excitations are peculiar to the superfluid state. According to Marumori* and 
Bogolyubov’, the entire subsystem participates in the collective excitations, 
and its state of superfluidity is somewhat modified (a detailed investigation of 
this question is now underway). In experiments the effect of the above mentioned 
collective excitations should, apparently, be qualitatively evinced as decrease 
in the width of the energy gap and increase in the moment of inertia of the sub- 
systems. This argument is true for the neutron subsystem. 

An entirely different situation obtains in the proton subsystem where, in 
addition to pair correlative interaction, there is Coulomb repulsion between the 
nucleons. Taking into account this proton repulsion, according to Bogolyubov’, 
we find that in the ground state it leads only to shift of the levels without 
changing their relative locations. Upon appearance of collective excitations, 
however, the situation changes: according to Bogolyubov ‘ in the expression for 
Gin (6") there appears an addition term 8ne?/q2 so that the expression becomes 
divergent for small g. Then the corresponding secular equation will not have a 
root inside the energy gap A, i.e., such collective excitations with energy 
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< A cannot appear in the superfluid proton subsystem. Thus, in the proton sub- 
system the width of the energy gap A, corresponds to the ground state, whereas 

in the neutron subsystem the gap width A, is effectively reduced owing to the 
energy of the collective excitations. This apparently explains the swaller width 
of the gap A, as compared with A, (see paragraph 6 in Ref.5). 

The collective excitations considered above can probably be qualitatively 
interpreted as follows. Inasmuch as in transition to the superfluid state (haem 
transition) , there appear holes and bound particle pairs in the neutron subsystem’, 
the subsystem changes its structure, since there occurs a change in its correla- 
tion function and therefore in the distribution of the particle density in the 
outer region of the nucleus corresponding to the layer near the Fermi surface 
(the inner region of the nucleus is incompressible) compared with the normal state 
of the subsystem. Collective excitations associated with weak perturbation g, as 
has been shown by Bogolyubov’, correspond to oscillations in the particle density 
(function {(p)) and momentum density (((p)), 1.e., in the neutron subsystem there 
can apparently appear weak oscillations of the distribution and density of par- 
ticles in the superfluid phase (from the density distribution corresponding to 
the superfluid state to the normal and vice versa) as well as oscillations in the 
distribution in density of momentum. In the proton system, on the other hand, 
owing to the presence of Coulomb forces which tend to “push apart’' the system 
within the bounds of its potential well, there can appear only momentum oscilla- 
tions without changes in the particle density. Thus the proton subsystem remains 
incompressible in the state of superfluidity as well, whereas the neutron sub- 
system, owing to change in structure in transition to the superfluid phase, be- 
comes partially compressible (within narrow limits corresponding to transition 
from the superfluid state to the normal state and vice versa) for weak perturba- 
tions. This "loosening" of the neutron subsystem may serve to explain the experi- 
mental fact that the density distribution of neutrons close to the nuclear surface 
falls off more slowly than the proton density so that one may, roughly speaking, 
think of the nucleus as being wrapped in a loose neutron layer, in which there may 
arise oscillations in particle density. 

A more rigorous analysis of the questions touched upon in this paper is now 
underway. 

The writer is deeply grateful to N.N.Bogolyubov for his interest in the work, 
Ka A.S.Davydov for fruitful discussions and to V.G.Solov'ev for valuable sugges- 

ons. 


Institute of Physics, 
Academy of Sciences of the Ukrainian SSR 


References 


1. N.N.Bogolyubov, V.V.Tolmachev & D.V.Shirkov, Novyi metod v teorii sver- 
khprovodimosti (A new method in the theory of superconductivity) , M., 1958. 
2. V.G.Solov'ev, Doklady AN SSSR, 23, 652 (1958). (Trans.Doklady.) 
3. S.Belyaev, Kgl.Danske Videnskab.Selskab, Mat.-fys.Medd., 31, No.11 (1959). 
4, T,.Marumori, Progr.Theoret.Phys., v.24, 331 (1960). 
rot Meili aie Zhur.eksp.i teor.fiz., 37, 249 (1959). (Trans.Soviet Physics 
4 D.Inglis, Phys.Rev., 96, 1059 (1954); 103, 1786 (1956). 
- N.N.Bogolyubov, Usp.fiz.nauk, 67, 549 (1959). (Trans.S ~ 
cee » 67, ( s.Soviet Physics 
8. V.F.Weisskopf, Proceedings of the International Conference on Nuclear 
Structure, p.890, Kingston, Canada, Univ.of Toronto Press, 1960. 


- 1157 - 


. PAIR CORRELATIONS IN SINGLE-NUCLEON REDUCED LEVEL WIDTHS IN NUCLEI 
- V.B.Belyaev & B.N. Zakhar'ev 


Reduced level widths #6? are important spectroscopic characteristics of nu- 
clear states. For light nuclei, expressions for the reduced widths, derived from 
the shell model, were presented by Lanel , while formulas based on the collective 
model were Saicuiatea by Yoshida2. An exhaustive discussion of the problems con- 
nected with reduced width will be found in reviews of Lane and Macfarlane & 
French3, 

Let us consider the state V, of a nucleus, characterized by the set of quan- 
tum numbers s. We shall characterize different modes (channels) of separation of 
the system by the set of quantum numbers * (k comprises both the internal charac- 
teristics of the product of separation and the quantum numbers of their relative 
motion). The state , can be expanded at the nuclear boundary © (outside the 


range of action of nuclear forces) in terms of functions (,, of the different 
‘channels: 


Ys (2) = 218 D,. (1) 


The squares of the coefficients of this expansion are the reduced widths. Equa- 
tion (1) can be rewritten in the form 


Br a \ ee Dis (2) 
=x 
Thus the single-nucleon reduced width represents the square of the "projection" 
of the state © (residual nucleus + free nucleon) on the given state VY of the nu- 
cleus. The significance of the reduced widths is that in terms of them there 
can be expressed the cross sections for reactions not going through the compound 
nucleus stage. 

The purpose of the present work was to obtain cor- 
rections to the formulas for f£’?, deduced on the basis of 
the individual particle model, corrections that result 
from taking into account residual pair interactions 
(self-consistent field subtracted) between the nucleons. 

The wave function of the neutron or proton shell of 


f é the nucleus (for example, with an even number of parti- 
Fig.l. Distribution of cles NV) in the independent particle model can be written 
nucleons in energy: in requantized form as 
dashed line - accord- ines 
ing to Eq.(3); solid Vipy = Il GAG SOUS (3) 
line - according to hee 
Eq. (4). 


where YW, is the nucleon vacuum (a* Y,—0), v is the quan- 
tum number characterizing the level; + indicates that the particles on one level 
have opposite projections of momenta. Equation (3) corresponds to the distribu- 
tion of the nucleons in energy shown schematically by the dashed line in Fig.l. 
Inclusion of residual pair interactions changes the wave function (3). It is 
feasible to find it in this case only if we give up precise conservation of the 
number of particles (JV is conserved only on the average). Then, according to 
- Solov'ev4, the function becomes 


Y= iyi (uy + vay ay ) Veg (4) 
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¢Fig.2. Qualitative dependence of the coefficients 
v2 and u2 on the excitation energy (i.e., on V). 
The factors under the product sign in (7) and (8) 
do not substantially change the quantitative de- 
pendence of the correlation corrections on Vv. 
For odd nuclei the energy of the ground state 
lies close to the Fermi surface Ef, while for 
even nuclei (all nucleons paired) on the ground 

state lies below Ep. 


where U2 is the probability that there are no particles on the given level v, and 
v2 is the probability that there is a pair of nucleons on the level vy. The ener- 
gy distribution of nucleons corresponding to Eq. (4) is shown by the solid line in 
Fig.l. Fig.2 gives the quantitative dependence of 1? and v? on the excitation 
energy. Precise values of these coefficients for different nuclei can be obtain- 
ed by solving the corresponding integral equations, as was done by Solov'ev® for 
strongly deformed nuclei. 

A large number of single-nucleon reduced widths have been determined from the 
cross sections for (d, n) and (d, p) stripping reactions.? When pair correlations 
are taken into account, however, an additional factor A appears in the expression 
for the stripping reaction cross section: 


Ost~ | <P; | ax, | Vd |? ~ BA; (5) 


here Y; and VY; are the wave functions of the nucleus before and after the strip- 
ping reaction, ay is the creation operator for the picked off nucleon in the 
state v,, and BA is the reduced width of the level v, for the picked off nucleon 
in the final nucleus. 

Let us determine the factor A for the case when, for example, the neutron 
in the process of stripping settles on a nucleus with an even number of neutrons. 
Then ) 


v= [] TY Gt ek Ae : 
t (ui pile va, ay ) a 
v 


Y= [] w+ ofatat) az Wy. se 
VEV ; 
By means of these functions we obtain 
A = (ui)? it (utuf + viol)? (7) 


VEY; 


The factor (ui)? shows that A is proportional to the probability that the level 
v, in the residual nucleus remains unoccupied, while the expression under the 
a age appears owing to rearrangement in the other levels of the neutron 
shell. e contribution from rearrangement of the oton sh 
shall neglect it. or oe ee 
If the neutron is captured into a nucleus with an odd numb 

er of neutrons 

and is paired in the process, then for A we obtain 


A= (v1)? TT (wind + vévty? 
: VEV ws, x ») pe 
If the neutron is not paired, in which case the wave function is 
Fi= LT (a + vfatas) waza — of) Vy, (9) 


en 2 v 
VEY 1 1+ 1~ 
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the expression for A is obtained from (8) by replacing (v/)? by (u!)?. 


In the independent particle model "direct" reactions as a result of which 
the nucleon settles on a level located below the Fermi surface are rigorously 
forbidden, inasmuch as in this model all levels with energy <r are fully oc- 
cupied. (Such processes are usually interpreted as "direct" reactions with exci- 
tation of the target nucleus.) Taking into account residual interactions has the 
effect of "allowing" such processes, inasmuch as levels below the Fermi surface 


are occupied only with a probability ve<1 (@Fig.1). The cross section for the 
process 


Six Pie ? (10) 


where cat is the single-nucleon reduced width for the system: excited target 
nucleus + nucleon on the v level (£L,</;). The factor B has a form analogous to 
(7) (taking into account residual interactions, the processes with settling of 
the nucleon on levels with energies > LH, and < F, do not differ substantially). 
However, in this case there will correspond to the factor (u')? in Fig.2 the part 
of the curve to the left of Fp. 

Inasmuch as reduced widths are calculated from the experimental data by means 
of formulas that do not take into account pair correlations, the factors responsi- 
ble for these correlations should enter into the numerical values for the reduced 
widths (see Table 1 in the review of Macfarlane & French?). 

Let us consider the behavior of reduced widths for a nucleon in a given nu- 
cleus as a function of the level energy. We will be interested primarily in the 
ratios (°/33 . Let us analyze the simplest case, when the odd nucleon in the pro- 
cess of the stripping reaction settles on the free shell. In this case in the 
independent particle model BBE s = 1 for all levels. According to Eq.(7) (also 
see the behavior of the function 1? in Fig.2; the factor under the product sign 
does not significantly change the qualitative dependence of A on the excitation 
energy of the level), taking into account pair correlations leads to [/@3., in- 
creasing with energy. This is substantiated by the experimental data. In F17 
there is one proton outside the closed double magic 016 core. The widths for two 


2 

levels - the ground (d,) and 0.5 MeV (s,) levels are known: PP o.b MeV a 4, In the 

2 6s 
017 nucleus (one neutron +016) Posnmey (1), 2. The small relative width for the 

Be, g(%s/,) 
4.56 MeV level is explained by rearrangement of the configuration of the core in 
the process of the stripping reaction. This is in agreement with the small rela- 
tive value of the correlation factor (10). In Cca4l (one neutron outside the double 


magic Ca40 core) Sissmev'2/,) . 1.5. The relative widths for the 2.677 and 3.405 
BS, g(f7,) 

MeV levels (the configuration in both cases is 2s}, /;,) are small owing to rear- 

rangement of the core (capture of the nucleon into a level below Ey). Gradual in- 

crease of the reduced width with increasing excitation energy is observed for the 

eight levels of K40(the configurations of the first four are dj and /,, and of 

the others, di, and 2p»,). 

The edna width of the levels in B12, c13, zn69 and S33 can be interpreted 
analogously. When there is more than one particle in the last orbit, interpreta- 
tion of the experimental data becomes more complicated; however, the influence of 
pair correlation can be followed even in these cases. Thus, for example, for the 
two levels in crd4 (magic neutron number core + 2 paired neutrons in the 2p), 
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shell) Bo.so MeV = 0.44, which correspond to the correlation factor (8) (see also 
3.5 

he behavior of v? in Fig.2). 

ae: We desire to thank V.G.Neudachin, V.G.Solov'ev, N.I.Pyatov & V.I.Furman for 


valuable discussions. 
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PROBABILITIES FOR E2 AND El TRANSITIONS FROM SOME EXCITED LEVELS 
IN Tb159, Hol65 AND Tml69 
- V.I. Popov 


1. The known excited states in odd-A deformed nuclei are satisfactorily in- 
terpreted from the standpoint of the unified nuclear model and can, as a rule, 
be classified in one of two categories: vibrational states of an axially symmetric 
nucleus or single-particle states in a deformed potential well. Until recently, 
however, there were no definite indications of the existence in odd nuclei of vi- 
brational states, analogous to the B and y vibrational states in even-even nuclei. 
Development of the theory of such states in odd nuclei encounters certain diffi- 
culties in view of the complexity of the problem of taking into account interac- 
tion of the odd nucleon with the vibrational motion. 

In the recent work of Gallagher & Edwards2 it was hypothesized that the 511 
and 686 keV levels in Rel87, interpretation of which in the framework of Nilsson's 
level scheme encounters certain difficulties, are y-vibrational in character. In 
the experimental study of Nathan and the writer? there was observed in a number 
of deformed odd-Z nuclei Coulomb excitation of one or two levels in the 500 to 
900 keV region, among which was the 511 keV level in Rel87, ‘The reduced transi- 
tion probabilities B(E2) in all cases are close to the probability for a single- 
particle transition, according to the theoretical evaluation for a spherical nu- 
cleus*., There is reason to assert, as was noted in Ref.3, that at least some of 
the excited levels may be due to y-vibrations. 

It may be of interest to analyze in greater detail the experimental data for 
Tb159, Hol65 and Tm169 obtained in the work of Ref.3. From the 560, 515 and 565 
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560 (ke, Te) 515 I 565 (95°, 99°) 
£2 & £2 Ef ae 
964 Sp 360 F mes [41] a Ey ff %4,72) 
139 he 
0 Jp* 3 Ye, 
H Yp a Ye [523] 0 Ye” [att] 
Tb Ho Tn’ 


Fig.1. Transitions in Tb159, Hol65 and Tm169, ‘The double-line arrow indicates 
Coulomb excitation of the level. 


Table 1 keV levels excited in Tb!59, Hol65 and Tm169, 
ae Pane Axons in respectively, there occur both a cross-over 
To159, Ho and Tm169 transition to the ground state and a transi- 


— tion to an intermediate state. The multipole 
Nuci_ |Zransition 
evi 


(level Relative | B(E2)qg,, Orders and probabilities of these transitions 
eus energies | intensity| ¢#-10-*cmt allow of drawing certain inferences regarding 
in keV) 
the nature of these levels. 
560 —> 0 60 2. Data on the above mentioned transitions 
apie { 560 > 364 40 } 0.03 in Tb159, Hol65 and Tm169 are listed in Table 
te a, 1; the corresponding transition schemes are 
Ho {| 212361; 20 | 0-016 shown in Fig.l. The multipole orders of the 
transitions and the values of the spins and 
Tmis9 pe ean a \ 0.05 parities of the levels which were detected for 


the first time in the work of Ref.3 (the spins 

are given in parentheses) are discussed below. 
For the levels of Hol65 and Tm169, which are satisfactorily described by Nilsson's 
model? , there are given the corresponding wave functions. The B(E2)c9, 1, listed 
in the fourth column of Table 1, are the reduced transition probabilities from the 
' ground state to the indicated level, determined on the assumption that the Coulomb 
excitation is an E2 transition. The experimental error does not exceed 50%. The 
relative transition intensities are characterized by a better accuracy and, in 
particular, for Hol65 are in agreement with the data obtained by Tornau® in inves- 
tigating the decay scheme of Dy!®, 

The results for Hol65 are the easiest to interpret, inasmuch as the observed 
transitions take place between levels with known spins and parities* (see Fig.1). 
The ensuing multipole order assignments (E2 for the cross-over transition and El 
for the transition to the 360 keV level) are in agreement with the observed Cou- 
lomb excitation intensities**. 

In the case of Tb159, although the spin and parity assignments have been made 
only for the ground state and the intermediate 364 keV level”, the proposed decay 

scheme follows unambiguously from the experimental results, and the corresponding 
cross-over and cascade transitions have the same multipole orders as in Hol65, 

The situation is less clear in the case of Tml69, for the assignments for the 
levels involved in the observed transitions in this nucleus are not known except 

*The spin and parity of the 515 keV level in Hol65 (3/2-) have been reliably 
established in the studies of Refs.5 and 6. 

**As will be evident from evaluations of the partial lifetimes (see below) , 
the admixture of M2 and El to the transition in Hol65 (as well as to the transi- 
tions in Tb159 and Tm169) must be small. 
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for the ground state (1/2+) and the 139 keV rotational level (7/2+) (Fig.1). How- 
ever, by analogy with Hol® and Tb159, it can be assumed that the cross-over and 
cascade transitions from the 565 keV level in Tm have multipole orders E2 and 
El, respectively. In this case the transition between the 334 (or 359) and 139 
keV levels, which have opposite parity, is in all probability El, inasmuch as the 
lifetime of this level must be <107-8 sec (upper bound obtained from the resolving 
time of the experimental set-up), which cannot be the case for an M2 or E3 transi- 
tion. Any other assumptions regarding the multipole orders of these transitions 
in Tm169 would be difficult to reconcile with the observed intensities. The pari- 
ty and possible spins of the three levels in Tb159 and Tm169, as determined on the 
basis of the above mentioned multipole orders, are shown in Fig.1 in parentheses. 
Of the three possible indicated values for the 560 keV level in Tb159, one can re- 
ject 3/2+, inasmuch as one cannot find a corresponding single-particle or collect- 
ive state with a relatively low energy and large E2 transition probability. It 
must be noted that the inferences regarding the decay scheme of Tm169 cannot be 
regarded as definitive, although they are not in conflict with the data now avail- 
able. 

Some substantiation of the decay scheme for Tm!69 proposed in Ref.3 is fur- 
nished by the results of Johansson”, according to which in the spectrum of y-rays 
emitted in K capture by Yb169 there may be ~195 keV y-rays in coincidence with 
the y-rays from de-excitation of the 139 keV level. This y-line was attributed 
to a transition from a level at 336 keV to the 139 keV level. The 336 keV energy 
value is in good agreement with the calculated excitation energy for a 9/2+ rota- 

vp? tional level belonging to the K = 1/2+ ground 


7° (633 state rotational band. On the basis of this, 

; Johansson’ concluded that the 336 keV level is 

a eigen characterized by I = 9/2 and K = 1/2. At the 
same time, - must be noted that in the work of 

of Hatch et al° in which the spectrum of y-rays from 

tb (%2,% sz) K capture in Yb169 was investigated tipesbants of 

956 to7 7% 7 : a crystal spectrometer no 195 keV y-line was ob- 

ig 510 eee 1202 L404) served. It must be borne in mind, however, that 
this y-line may have escaped detection against 

199 Va the background of the strong 198 keV line if the 

118 S2, Y2* actual energy difference between the two lines is 


$2 keV. The level diagram obtained in investi- 
gating K capture in Yb169 is shown in Fig.2. The 
336 keV level inferred by Johansson’ is indicated 
Tw by a dashed line. 
Fig.2. Decay scheme of Tp169, The 336 keV level energy is in good agreement 
with one of the possible energy values for the 
intermediate state in Tml69 indicated in Fig.1. At the same time, the character- 
istics of this state, which follow from the results of Ref.3, are inconsistent 
with the assignment 9/2+ proposed by Johansson. It must be noted that excitation 
of a rotational level with I = 9/2 and K = 1/2 in K capture by Yb169 with an ap- 
preciable probability (a few percent, as follows from Ref.7) is in conflict with 
the strong forbiddenness as regards the selection rules for K (AK = 3) and the 
asymptotic quantum numbers in Nilsson's model (see Fig.2). At the same time, if 
this level is characterized by K = 5/2 or 7/2, as indicated in Fig.1, the t¥anado 
tion in question must have an appreciable probability. According to Nilsson's 
scheme, in Tm169 one can expect single-particle excited states with 7/27 [523] and 
5/2” [532]. The level corresponding to one of these states is the 379 keV level 
In the work of Ref.1 this level was identified as 7/2 [523], although the othéee 
alternative cannot be excluded on the basis of the available experimental data. 


S& 


2, ty? 
V2, Vo [ait] 
163 Ag Km 
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Thus the level fed by the decay from the 565 keV state may be a single-particle 
level with one of the two above listed sets of quantum numbers, 

3. The above described experimental data allow of drawing certain inferences 
regarding the nature of the states in odd-Z nuclei excited in the work of Ref.3 
by E2 transitions. The hypothesis advanced in Ref.3 that some of these levels 
can be attributed to y+vibrations was based, first, on the fact that the location 
of the 515 keV level in Hol®5, like that of the 511 keV level in Re487 (Ref.2), 
is in conflict with Nilsson's scheme, and second, the fact that the spin, parity 
and E2 transition probabilities for these two levels correspond to the expected 
characteristics for a y-vibrational state in an odd nucleus. 

One can adduce further arguments in favor of the collective nature of the 
states under discussion. 

A. The excitation energies of these levels in different nuclei have close 
values comparable with the excitation energy of the second 2+ levels in deformed 
even-even nuclei, 

B. The probability for an E2 transition from the ground state in all cases 
amounts to 1-2 times the probability given by single-particle evaluation for a 
spherical nucleus* , whereas transitions between single-particle levels of a de- 
formed nucleus, if they do not satisfy the asymptotic quantum number selection 
rulesi, and have much lower probabilities as compared with the case of a spherical 
nucleus (hindered transitions). In particular, hindered E2 transitions have been 
observed in Eul53 and Tal81, for which the corresponding retardation factor amounts 
to 10-100.** 

Violation of the asymptotic number selection rules will also obtain for the 
Hol65 and Tb159 levels under consideration, if one attributes to them the wave 
functions of the state closest to the ground state in Nilsson's scheme. 

As was noted above, the spins of the earlier known levels in Hol65, Rel85 
and Rel87 agree with the expected values for y-vibrational states, which can be 
approximately characterized by the quantum number K = Ko + 2, where Ky is the pro- 
jection of the total angular momentum of the nucleus on the symmetry axis in the 
ground state. One of the possible assignments for the analogous levels in Tb159 
‘and Tml&9 (7/2 and 5/2, respectively) also satisfies this condition. The same 
Spin values can be expected in rotational states of a nucleus with a nonaxial and 
equilibrium shape, analogous to the second 2+ levels in even-even nuclei in the 
Davydov-Filippov mode1l9, Thus the collective character of the levels under dis- 
cussion may be due to y-vibrations and/or to deviation of the equilibrium shape 
of the nucleus from axial symmetry. 

Davydov!! recently showed that the second 2+ levels in strongly deformed 
even-even nuclei can be described as states due to y-vibrations of an axially 
symmetric nucleus, i.e., taking into account y-vibrations in this case is equiva- 
lent to introduction of a certain equilibrium nonaxial deformation. Hence there 
is reason to expect that y-vibrations and axial symmetry will be evinced in a like 
manner in the case of odd nuclei as well. 

If the coupling between the odd nucleon and the y-deformation is small, the 
wave function of the nucleon in the ground state and the corresponding excited 

*The probability of the reverse transition can be obtained from these values 
by multiplication by the statistical factor, which for the 515 keV level in Ho 
equals 2. 

**The question of the probabilities of E2 transitions between single-particle 
levels in deformed nuclei is discussed in Ref.9. 
*kkHereinafter for brevity we will speak of y-deformation, having in mind both 
y-vibrations and axial asymmetry of the equilibrium shape of the nucleus. 
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Table 2 state will be approximately 
Partial lifetimes of the levels in Tb159, Hol65 the same and may be charac- 
and Tm169 terized (in the case of 
$< | small y-deformation) by 
Spins & pari- | Partial t the quantum number ©, i.e. 
Multipole | 7P DOS eke ee eon eee q ’ ’ 
ee mee ae pee svete 7s? projection of the angular 
states momentum of the nucleon on 
£ the 
‘ Sot 5 0.9 1.6 the symmetry axis o 
de { ms Veg haat ee 5-108 axial nucleus. In the case 
§ a 0.6 0.8 of strong coupling of the 
Hots \ he iaahbiot 2.5 4-108 odd nucleon with the 7- 
5 16 deformation © will no long- 
Tmi69 { fe alo dei 7S ae 108 er be a good quantum nun- 


ber. Bohrl2, regarding 
the effect of axial asym- 
metry of the nucleus on the nucleon motion as a perturbation, showed that such 
coupling leads to the appearance in the wave function of the nucleon of an admix- 
ture of 2+ 2, K states, where © and K are the quantum numbers of the unperturbed 
state. 

Our data on the E2 and El transitions allow of drawing certain inferences 
regarding the role of coupling of the nucleon with the y-deformation in the case 
of the investigated odd-Z nuclei. From the experimental data on B(E2) and the 
relative transition probabilities (Table 1) one can calculate the partial life- 
times tT of the corresponding levels. These values of T are listed in Table 2. 

In the cases of Tb159 and Tm169 it was assumed that the spins of the levels 
from which the transition depart are 7/2 and 5/2, respectively. If one uses the 
other possible spin values, namely, 5/2 for Tb159 and 3/2 for Tm169, then owing 
to the statistical factor the values of tT are decreased by 4/3 and 3/2, respec- 
tively. The experimental error in the cited values of T amounts to about 50%. 

In the fifth column of Table 2 we list the ratios of the experimental values of 
Tt to the values of T,, calculated by means of the single-particle formulas for 

a spherical nucleus*, As will be evident from the data in the table, the life- 
time for El transitions exceeds the single-particle lifetime by a factor of 103- 
-104, i.e., there obtains a retardation similar to that observed for other El 
transitions in deformed nucleil. 

The case of Hol65 is of particular interest. If it is assumed that the 3/2- 
level is a pure = 7/2, K = 3/2- state, El transitions from it to the single 
particle 3/2+ level (Q= 3/2, K = 3/2) would be forbidden. The fact that an El 
transition does occur indicates an admixture of a “= 3/2-, K = 3/2- state. The 
probability for this El transition, as will be evident from Table 2, is comparable 
with the probability that can be expected for single-particle El transitions in 
a deformed nucleus. If it is assumed that the 3/2- level in Hol®5 is a single- 
particle state with 3/2- [532] (the state closest to the ground state in Nilsson's 
scheme) , the calculated El transition probability to the 3/2+ [411] level is close 
to the experimental value, namely, 4.3*103 times lower than the probability for 
a single-particle transition in a spherical nucleus. Thus the experimental proba- 
bilities for E2 and El transitions from the 515 keV level in Hol65 show that a 
collective 2= 7/2, K = 3/2 state and a Single-particle 2= 3/2, K = 3/2 state 
can make comparable contributions to the wave function of this level. The same 
Conclusion can be drawn in the case of Tml69 if the decay scheme proposed for 
this nucleus is valid. Consequently, it may be concluded that in the given nu- 
clei there obtains strong interaction of the odd proton with the y-deformation, 


leading to shift of the energy levels and mixing of the single-particle and col- 
lective wave functions. 
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j Of considerable interest would be further investigation of the levels in de- 
formed odd nuclei with similar properties, and, in particular, verification of the 
above-proposed spins for the levels of Tm169, As will be evident from the above 
discussion of the experimental results of Ref.3, investigation of y-transitions 
occurring as a result of Coulomb excitation of high-lying levels in odd nuclei 
provides possibilities for analysis of the character of such excited states. 


"PN, Lebedev" Physical Institute, 
Academy of Sciences of the USSR 


References 


1. B.R.Mottelson & S.G.Nilsson, Kg1.Danske Videnskab.Salskab., Mat.-fys. 
Medd., 31, No.8 (1959). 
2. C.J.Gallagher & W.F.Edwards, Nucl.Phys., 19, 18 (1960). 
3. O.Nathan & V.I.Popov, Nucl.Phys., 21, 631 (1960). 
4. S.A.Moszkowski, in Beta- and Gamma-Ray Spectroscopy, edited by Kai Sieg- 
bahn, N.Y. 1955. 
5. R.Tornau, Z.Phys., 159, 101 (1960). 
6. Cranston, Bunker & Starner, Bull.Amer.Phys.Soc., 5, 255 (1960). 
7. S.A.E. Johansson, Phys.Rev., 100, 835 (1955). 
8. E.N.Hatch, F.Boehm, P.Marmier & J.W.M.DuMond, Phys.Rev., 104, 745 (1956). 
9. D.Bogdan, Nuovo cimento, 15, 709 (1960). 
10. A.S.Davydov & G.F.Filippov, Zhur.eksp.i teor.fiz., 35, 440 (1958). 
(Trans.Soviet Physics - JETP.) 
11. A.S.Davydov, Vestnik, Moscow University, Series 3, No.1, 56 (1961). 
12. A.Bohr, Kgl1.Danske Videnskab.Selskab, Mat.-fys.Medd., 26, No.14 (1952). 


- 1166 - 


ON THE POSSIBILITY OF DETERMINING REDUCED WIDTHS FROM POLARIZATION EFFECTS 


IN DIRECT NUCLEAR REACTIONS 
- G.L.Vysotskii 


As is known, reduced widths, which are used in the theory of direct nuclear 
reactions, are extremely important shell model parameters that characterize the 
amplitude with which the given single-particle state is represented in the wave 
function of the captured nucleon. In the theory of polarization effects in di- 
rect nuclear reactions?~4 - to be specific, we shall consider the (d,p) stripping 
reaction - the reduced widths are encountered along with other quantities, calcu- 
lation of which is connected with certain drastic simplifications. Polarization 
effects are particularly sensitive to the choice of a model for the interaction 
of deuterons and protons with a nucleus. Hence we may inquire whether one cannot 
by appropriate polarization experiments exclude the quantities that depend on 
model concepts for the purpose of determining reduced widths? 

It can be shown that in this case, when the captured nucleon is character- 
ized by one value of the orbital momentum / (configuration mixing with regard to 
1 is not, as a rule, taken into account in the shell model with intermediate 
coupling) , and in the case of the variant of the theory of polarization effects 
that neglects spin-orbit interaction of the proton and deuteron waves with the 
nucleus, for determining the ratio of the reduced widths it is sufficient to 
carry out measurements of the polarization of the proton and p-y correlation with 
polarized deuterons. 

In the case of a pure multipole transition the angular distribution of y-rays 
is described by 


04 pen Se as : 
w(9, ) Pare | L140) Dipxa(Pa)Yna(® @), (a) 


where ; and j; are the spins of the excited and ground states, Lis the multipole 
order of the transition, and % and @ are the angles of emission of the photon in 
the system of coordinates with the 2 axis perpendicular to the plane of the re- 
action and the 7 axis aligned with the deuteron beam. The spin tensors pxq(Pq) 
determine the alignment of the nucleus and are measured in the experiment. They 
ca aaa on the polarization P, of the deuterons and the angle of emission of the 
proton. 

The analysis is particularly simple in the / = 1 case, when it is sufficient 
to carry out experiments with deuterons polarized either perpendicular to the 
plane or in the plane of the reaction. 

For /= 1, we have p,,= 0. For deuterons polarized along the z axis 


Poe (Pa) = Pos (0) (1 + 3PpPa), 


where ?, is the proton polarization, and p,,= 0. As for Po, the change in this 


quantity in going to polarized deuterons de 
pends on the ratio of th 
It can be shown that the combination Sabah ei 


P20 (Pa)(1+-3P,,P 4) — peo (0) 


PP, =2V Gil) (2) 


does not depend on the angle of emergence of the 
proton and represents a simple 
algebraic function of the ratio of reduced widths. If one uses the set of eau 


widths %,, (s is the channel spin (s —i-+1/2),i is th 
chen fire Bytad): ( + 1/2), e spin of the initial nucleus, 
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: s 
The relation between the reduced widths Oi, and the set 0%), is given by 


Si SL 


81s = Di(—)intitipsy sty ie[ /2!S |g 

In 7 ] rei a 
where 7, is the total momentum of the captured nucleon (hn, el ety?) 

For / = 1, but with deuterons polarized in the plane of the reaction, for 
example, along the «x axis, the quantities p,, and p.. do not change in going to 
polarized deuterons (p2(Pa) = P20 (0); pos(Pa) = poo (0)), but a term with g = 1 appears 
in the correlation function; moreover, p,,(P,)P;'Py) =—3/(1) also does not depend 
on the angle of emission of the proton and is expressed in terms of the ratio of 
reduced widths. In the case when / >1 it is necessary to carry out experiments 
with deuterons polarized perpendicular to the plane of the reaction and to follow 
the variation of p20 and p22, and then carry out experiments with deuterons polar- 
ized in the plane of the reaction (for example, along the xz axis) and measure 
Then the combination 


PilPa) U3 PpPa)—PulO) _ Pa (Pa L+3PyPa)—Pm(0)_ealPa) _ yy : 
ia 2s Ps gos (4) 


does not depend on the angle of emission of the proton and is expressed in terms 
of the ratio of reduced widths. We emphasize the fact that the present analysis 
makes minimal use of model concepts. We feel that the matter may be of topical 
interest in view of the recent announcement” of construction of an effective 
source of polarized deuterons. 


Khar'kov Physical-Technical Institute 
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ROTATIONAL STATES OF NONSPHERICAL EVEN-EVEN NUCLEI 
- V.I.Belyak & D.A.Zaikin 


Introduction 


Significant successes have recently been scored by the theory of nonaxial 
nuclei, proposed by Davydov & Filippovl-3, Even the simple nonaxial rigid rota- 
tor model satisfactorily explains the energies of the levels and the probabilitie: 
of electromagnetic transitions between them in a number of nuclei. 4 Subsequently 
there were investigated the corrections for this model due to departure from adia: 
baticity of the rotation owing to B-oscillations®~7; Davydov’ has also taken into 
account y-oscillations for nuclei with large deviations from axial symmetry (vo > 
10°), However, the cases of axial symmetry and small deviations from it require 
special investigation. Such investigation is of interest in that it may lead to 
clarification of whether small deviations from axial symmetry are an equilibrium 
state or are a consequence of y-oscillations of an axially symmetric nucleus. 
Collective excitations of axially symmetric nuclei were investigated by Davydov? 
and Birbrair, Peker & Sliv® in the approximation when the projection of the angu- 
lar momentum of the nucleus on the symmetry axis is an integral of motion. 

In the present paper we consider the interaction of rotation with the 7- 
oscillations for axially symmetric even-even nuclei without postulating a priori 
constancy of the projection of the angular momentum on the nuclear symmetry axis.’ 

The wave functions of the collective states and the energies corresponding 
to them are obtained in the form of expansions in inverse powers of the rigidity 
parameter of the y-oscillations; a noteworthy result is that for high rigidity of 
the nucleus with respect of y-oscillations, in the first approximation, the pro- 
jection of the nuclear momentum on the symmetry axis is a good quantum number. 
Using the deduced wave functions, we evaluate the probabilities for electromag- 
netic transitions between the states of the first two rotational bands. The re- 
sults of the calculations are compared with the experimental data. Finally, we 
discuss the relation between the results obtained and the deductions from the 
theory of nonaxial nuclei. 


1. Equation for y-oscillations and rotation 


The Hamiltonian for an axial asymmetric even-even nucleus, averaged over 
the wave functions of the individual motion of the nucleons, can be written in 
the forml0,11 


a C (8 — Bo)? i a 
f=T, 7 = Bo) + 2BB? (f, + Prot) +BV (7), (1.1) 


where 6 and C are, respectively, the mass parameter and th ram 
e deformation 
of the nucleus with respect to B-oscillations, acta 
h ee eee ee > atte 7) 
B DEB on P aR? PS as 
PQ 3 5 Ce 2) 
Prot = Dy Ie/be Te = 4sin® (7 — 2rx/3). 
=i 


*Investigations of this type were undertaken earli 
er but in 
manner (see, for example, Ref.9). an inconsistent 


== T1695 < 


From symmetry consideration it follows that the potential energy of the y- 
oscillations V (7) is a periodic even function of y with a period 2r/3. In the 
case of axially symmetric nuclei the potential energy V(y) has a minimum at _ = 
= 0. Assuming the B-oscillations to be small, i.e., |8 —Bo |< Bo, we retain in 
(1.1) only the first terms of the expansion in 8—B,; then : 


EEO ST bere 


a h2 (1. 3) 


Hy a 


Le Lae eae (%), 


95 2 
2BB? 


W (vy) = Dy? + Fyt+.... 


Thus in the given approximation we neglect the coupling between the B-oscillations 
and the y-oscillations and rotation. Accordingly, the wave function of the col- 
lective motion may be written in the form 


X (8, ¥, 8) = (8) F (vy, 8), 


where n 
_ Hef (8) = Esl @), (1.4) 
GY rye 9;) = AY ee 6:), (1. 5) 
and the collective energy motion 
hi 
(ogee: : 
Bet 5 BR 


Equation (1.4) for the B-oscillations is an ordinary harmonic oscillator 
equation so that hereinafter we shall consider only Eq.(1.5) describing y-oscil- 
lations and rotation. Assuming the y-oscillations to be small (|y\<1), i.e., 
that the rigidity of the nuclear surface with respect to y-oscillations is great 
(D1), one can in the expansion of the operator L in powers of y restrict our- 
selves to the leading terms and after introduction of the variable y = D':7 go 
over to the following equation for Y (y, §j): 


(Hy + Hr — 2) ¥ =0, (1.6) 
where x - 
7, Q2 oo , 2 ea ie : a 
Hy = ay? yoy | ye Ay? ag oi net eee (1.7) 
fn —*/, 2y a) “ 
Uf 3V3 (Ji — J5), (1.8) 
Rea DTN. 


-It should be borne in mind that if the expansion of LL one successively takes into 
account all terms of equal order, then additional terms appear in Eqs. (1.7) and 
(1.8). It can be shown, however, that neither the ratio of probabilities of 
electromagnetic transitions nor the corrections to the integral rule for the ener- 
gy in a given rotational band depend on these terms in the given approximation. 


2. Rotational and B-vibrational states of an axially symmetric nucleus 


In Eq. (1.8) H,~ D- can be regarded as a perturbation, inasmuch as D> 1. 
Solutions of the unperturbed problem 


(Hk) © =0 (2.1) 


are the functions 
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: 2. Z 
ON = gnx(y) Ax (6); (2.2) 
corresponding to the eigenvalues 

wnkT _ tn + K 424 D-'h[J (J + 1)/3 — KA], (2.3) 


where K is the projection of the total angular momentum on the nuclear symmetry 
axis, and nis a non-negative integer. In (2.2) the Jywx are the normalized and 


symmetrized Wigner D functions; 


Tinx (8:) = V warren [Dux (9:1) + (—1)¥Du_—x (4)]; 


and the normalized functions gnx (y) have the form 


PAW 


1/4 
where F(a, 8, z) is a confluent hypergeometric function. 8 

An analogous approximation is used by Davydov’ and Birbrair et al”. In this 
approximation the quantum number A is an integral of motion. Inclusion of the 
perturbation Ses leads to the appearance of an admixture of functions pertaining 
to other K. Owing to the rigidity of the y-oscillations, however, this admixture 
is quite small and K can be regarded as an approximate quantum number. The speci- 
fic form of the wave functions in the first approximation of perturbation theory 
is the following 


Wri = One + De (3V3)4 (V1 + (—1)8x0 a, (JK) [Vin Or cry + 
+ Vn+ K/2-1 Onks2] —V1-+(—1)Sxna_ (JK) (Vin + K2 OF, + 
+Vn+1 On Kel), 
as (JK) = nV SFKVIFK—I)SEK +1ISLK 42). (2.4) 


In particular, the wave functions of the ground state and the state with J= 3 
are of the form 


Foo = Doo, Woo" = we¥. 
the first two states with J= 2 are described by the functions 


Woo, = Dia! + (2/3) O32", WE Oe — (2/3) (O2" +. @™) 


1 
and so on. 


For the energy (in 7/268; units) in the first approximation of perturbation 
theory, we obtain 


AnkS — Die)nKI — Dir(4n + K + 2) + ey, 
er = IE + 1/8 — QTD) {1 +-(—1)/ bo ] (K +2) a, (JK) —(K — 2) (1 — xo) a® (JK). (2.8) 


In this expression for the energy we have dropped terms not depending on J, smal- 
ler in order of magnitude than the leading term «D':. Inclusion of these terns 
leads to an equal shift of all the energy levels in a given rotational band. We 
have also omitted the terms yielding a correction proportional to D— to 

J(J + 1)/3 that are not dependent on J. The effect of these terms as regards devi- 
ations from the energy interval rule is insignificant. For the rotational energy 


of the ground state band (n= K = 0) there is obtained fro 
pression: m (2.5) the usual ex- 
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So) ee 1 )o— (27D) (J —41) (J +1) (J + 2) 
I(T + 1/3 — (27D) J? (T + 1). (2.6) 


, It is found that Eq. (2.6) correctly describes the experimentally observed 
deviations from the interval rule in the ground state rotational band. 


3. Electric quadrupole transition probabilities 


The reduced probability for an electric quadrupole transition nKJ/-sn/K’J' 
expressed in -Q?/i161 units, equals , 


7 tye ye 9 r > 
b(E2, nKJ > n’K'J') = a7 D) |< nKIM | Gon 


MM’p 
where the nuclear quadrupole moment operator (in cQ, units) is 


n'K'S'M' SP, (3.1) 


do. = A ek cosy + eho + iW ches sin 1/V 2 : 


By means of (3.1) there were calculated the probabilities for E2 transitions 
between the states described by the wave functions (2.4). Below we give the more 


ON ieee ratios of these probabilities in the notation of (3.1) and Davydov et 
aL = 


b (E2,022 > 000) _ b(B2,22-0) _ ps (3.2) 


b (£2,002 000) — b (£2,210) ~ 


b (£2,022 > 002) ob (E2,22 +21) 10 Ai 
b (£2,022 > 000) = b(E222>0) 7 t 4D"), BEY 
b (E2,022 > 004) _ b(E2,22>41)_ 1 /, | Bp », 

b (£2,022 > 002) — b (E2,22 > 21) = +3 I), (3.4) 


b (£2,023 > 004) __ b(F2,3+41) _ 2 (1 “ = D-"*) 


6 (£2,023 > 002) — 6(£2,3>21)~ 5 (3.5) 


Comparison of the experimental and theoretical probability ratios 
for E2 transitions 


b (E2,22 
Fig, Pe RAN 0 KE2;22+ 0))-.' io 29. ity b(E2,3—+41) 


— 2: 
Nucl— Ex, keV Es, keV |%# = Ea Mites (0 }= <a. ae. E (BBD |eree [5 Cael 
Theory |Experiment theo 


split 422 1092 8.951% 2,07 2,2+0,3 0,10 0,82 
Ga | 123 998 8,12} 2,43 1,8 0,411 0,86 
Gdi5é 89 1240 13,94) 1,84 ‘he ere )aG, 0,08 0,67 
Dy? 86,5 966,5 | 11,2 1,94 2,0+0,4 0,09. ONte 
| raed 80,6 787,4 | 9,76} 2,02 2,0+0,3 0,10 0,78 
Ertsé 79,8 822 10,3 1,98 1,8+0,3 0,10 0,76 
Wt? 100,1 1222 12,2 1,90 Aon Ord 0,09 0,70 
wit aida 904 8,16; 2,13 1,8+0,3 0,11 0,86 
wis 122,95 733 9,98} 2,38 2,0+0,3 0,13 1,02 
Ost 1 137,2 768 5,61] 2,45 2, 0056 0,13 1,06 
Os!88 | 155,0 168 4,08} 2,83 ZITO, 2 0,16 1,34 
Os!90 | 187,0 007 2,98} 3,34 6,8+1,2 0,20 1,65 
fe ew 07,0 965 16,8 NH 2,0+0,5 0,08 0,62 
Th”° 52,8 1060 20,1 thot = 0,07 0,58 
(8 aed 02,8 790 14,95} 1,84 2,1+0,3 0,08 0,65 
ee 47 868 18,5 1,74 — 0,08 0,60 
Pas 44,2 1031 23,4 1,67 1,5+0,2 0,07 0,56 
Puts? 42,9 1020 23,8 6% _ 0,07 0,06 
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These ratios depend on the single parameter D, which is directly connected 
with the energy ratio of the first two levels with J = 2, namely, p = Eoz2 / Enz = 
= Ex» /E1 ~D'. Determining » for each nucleus from the experimental data on | 
the location of the levels with J= 2, one can calculate the ratio of the reduced 
probabilities for E2 transitions between the collective levels in these nuclei. 
The results of such calculations for the ratios (3.3) and (3.5) are listed in 
the accompanying table together with the experimental data for the ratio (3.3) 
taken from the work of Van Patter4; it will be seen that in this case there is 
good agreement between the experimental and theoretical values. 

We must emphasize that all the present results were obtained on the assump- 
tion of high rigidity of the y-oscillations. Hence, for example, in the case of 
Os100 | for which » =~ 3, one cannot expect good agreement with experiment. We note 
that in Eqs. (3.2)—(3.5) there were rejected terms of order D1 , inasmuch as 
taking into account anharmonicity of the potential energy of the y-oscillations 
leads to corrections of the same order of magnitude. 


4, Comparison of the present results with the theory of nonaxial nuclei 


The experimental data pertaining to low-lying levels in nuclei for which 
the ratio F2/EHx2=pis large, are satisfactorily explained by means of the model 
of a nonaxial rotator!-3 with a small degree of nonaxiality (7<15°). In this 
case the expressions for the energies and the transition probabilities can be 
expanded in series in powers of Yo; however, restricting ourselves to the first 
terms of this expansion, we obtain 


p = 1/(270); 


b(E2,22 > 24) | 40 0; 
rma VTI+ 8e)= 7+ 7), (4.1) 
b (E 2,22 0) ; 
(HD plies 0) way tO ag (4.2) 


Eq. (4.1) agrees with (3.3). This identity of the results of the present 
work and those following from the model of a nonaxial rotator is explained by 
the fact that for axially symmetric nuclei, i.e., for nuclei the potential ener- 
gy of deformation of which is minimal for 7~ = 0, as a result of y-oscillations 
even in the ground state ;*=-0. This leads to the possibility of rotation about 
the 3 axis. 

In a number of cases, however, the results of the present investigation dif- 
fer from the corresponding results following from the model of a nonaxial rotator, 
Thus, the values of the reduced probabilities for E2 transitions between levels 
pertaining to different rotational bands differ by a factor of 2 in the first 
order in ‘/y. This is explained by the fact that 


b(E2, J’2>J 0)nonaxi sin? Yo 1 


b(E2, FZ I, ~ ut lsintl iw GDF 2? (4.3) 


inasmuch as 
| <go2 (1) |sin ¥| go0(Y)> |? = wt; sin? yo = (Qn). 


In particular, the probability ratio MEDIO for axial nuclei is about twice as 
great as the corresponding ratio deduced from the model of a nonaxi 

al rotator (in 
the first order in 1/1). This difference may make it impossible to decide ate 
mentally whether there exist small equilibrium deviations from axial Symmetry in 
atomic nuclei. To this end one must measure with adequate accuracy the ratio 
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(3.3) (we note that the scanty experimental data available for this ratiot are 

better explained from the standpoint of the theory of nonaxial nuclei). On the 
other hand, it would be desirable to drop the restrictions used in the present 

work and, in particular, to take into account deviations from the hydrodynamic 

dependence of the moments of inertia on y. 


We desire to express our gratitude to A.S.Davydov for his interest in the 
work and stimulating discussion. 


"P.N. Lebedev" Physical Institute, 
Academy of Sciences of the USSR 
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ON COLLECTIVE EXCITATIONS IN NONSPHERICAL NUCLEI 
- Yu.T.Grin' & D.F.Zaretskii 


1. Where excitations of deformed nuclei are concerned, in addition to studie: 
of rotational levels, there have been fairly thorough experimental investigations 
of other collective levels, for example, B- and y-vibrational levels. Beta-vibra- 
tional levels correspond to internal excitations with k= 0, while y-vibrational 
levels correspond to excitations with k = 2 (kis the projection of the angular 
momentum on the nuclear axis). The energies of these levels lie in the range 
from 0.5 to 1.2 MeV, while the reduced probabilities for electric quadrupole 
transitions from these levels to the ground state are somewhat higher than the 
probabilities for transitions from single-particle levels. These levels have 
been interpreted theoretically either from the standpoint of the hydrodynamic 
model! or in the framework of the independent particle model2. In the case of 
the hydrodynamic model, the oscillation energy comes out to be 1.5 to 2.5 MeV, 
which is appreciably higher than the observed values. Moreover, in the hydrody- 
namic model one cannot take into account shell effects. On the other hand, calcu- 
lations by means of the independent particle model yield an oscillation energy of 
the order of the separation between shells. 

Recently there has been developed the theory of collective excitations in 
spherical nuclei?"5, This theory is based on the introduction, in addition to 
interaction leading to pairing, of a residual quadrupole-quadrupole interaction 
between the particles. The existence of quadrupole-quadrupole interaction betweer 
nucleons follows from experiment. Actually, near magic nuclei with an odd number 
of nucleons have an additional quadrupole moment as compared with the single-par- 
ticle case. Moreover, the probabilities for E2 transitions are heightened in odd- 
nucleon near magic nuclei as compared with the probabilities for single-particle 
transitions. In the case of nonspherical nuclei there is also observed enhance- 
ment of the probabilities for E2 transitions between different internal states, 
as compared with the single-particle probabilities calculated on the basis of 
Nilsson's scheme®, 

In the present paper we give a generalization of the theory for the case of 
nonspherical nuclei. We deduced an equation for finding the frequencies of the 
collective excitations and obtain a relation between the frequencies of the B- 
and y-excitations in the semi-classical approximation. 

2. The bound state of two quasi-particles can be described by means of the 
two-particle Green's function. @ In the case of a spherical nucleus this treatment 
nae initially proposed by Belyaev?. The two-particle Green's function is defined 

y 
K = ¢Q,|T (aa; a3 a; ) |D,>, (1) 


where i’ is the time ordering operator, ©, is the wave function of the ground state 
and a, and a, are the Fermi annihilation and creation operators for particles in 
the Heisenberg representation; these obey the usual commutation rules when ?¢ = O. 
The state of a particle i is characterized by the set of quantum numbers pertain- 
ing to the deformed nucleus. The quadrupole-quadrupole interaction between par- 
ticles, taking into account the exchange term,is of the form 


ViGa 34) = x [(Gou)12 (Jou)sa — (q2u)14 (You)es]. (2) 


Here x < 0 is a constant (dimensionality MeV/cm*) which characterizes the strengtl 
of the interaction, and (92.)ix is the matrix element of the quadrupole moment oper: 


ene Then the equation for K in the first approximation in interaction will have 
orm 


ed Lee 


K (12; 34) = K° (12; 34) + i [G (15) G(72) + F (17) Ft (25)] x 
< V (56; 78) K (86; 34), (3) 


Where K°(12;34) is the two-particle Green's function neglecting interaction (2), 


and G and F are single-particle Green's functions, which in the zeroth approxima- 
tion for the interaction (2), have the form8>9: 


L 4 
G(1.1; Ole: 2 (1 +z) ee, (1-3) 


o — #,+i6 so. a- Bi — ib 4 (4) 
F | Ls. 4. ‘i - HIN ff 4 ae 1 
(1,1° @) Fa (id=) 5 See, ee 


where 6—>+0, EE, = V A? + e, £, is the energy of level 1 reckoned from the Fermi 


surface e,, and A is a parameter characterizing the pair correlation energy. Let 
t,, tg >t, t,, then 


K{12: BA) 24, (12) @s (34), (5) 


where @-(2) = <0|T (a,a})|s>, Gs (34) = ¢$|Tajay|O> and [s> is the wave function of the 
intermediate state. 

In investigating bound states, one must discard the free term in (3). After 
this Eq.(3) can be "reduced" by eliminating 9,(34) and becomes 


(ps (12) = i [G (15) G (72) + F (17) F* (25)] V (56; 78) p, (86). (6) 


Going over to the Fourier representation with respect to time in the func- 
tions 9,, G and /, and making use of the fact that Gand fare diagonal, we obtain 


@ (12; wk) = i\ do’ [G (1,1; o + @’)G (2,2; 0’) + F(1,1; o + 0’) F* (22; @’)] V (16; 28) p (86; wk), (7) 


where © is the excitation frequency and / is the projection of the total angular 
momentum on the nuclear axis for the given state. Equation (7) was deduced on 
the assumption of a prompt potential I. 
Integrating in (7) and neglecting the exchange term in V, we obtain 
{ £18 aXe 
| o (7 — Be) + (i+ 2) (1p +e) 
g (12; wk) = x 2 [o? — (Ei + £2)*] X (dak )12 (Yor Jes P (86; wk). (8) 


Neglect of the exchange term in (8) yields an error ~ As, Actually in the ex- 
pressions connected with the exchange term summation extends over all quantum 
numbers except 2, the projection of the angular momentum on the nuclear axis in 
the single-particle states. This limitation does not apply to the sums contain- 
ing a leading tern. 

Multiplying (8) by (2x);, and summing over 2 and 1, we obtain the following 
expression for determining o: 


(Ey Ey — & 1&2 +. A?) 
1 =% >) DEF, [o? — (Ey + Ey | (90x) 12. (9) 
12 


Eq.(9) is a relationship for determining the frequencies of the bound states. 
When A= 0, the equation for w becomes 


yj See (10) 
12 


@ — (&; — £2) 
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where fi, af i < Ey. 
= 4£ & > &. 


3. Equation (9) can be solved in the framework of the realistic Nilsson 
model only numerically. Hence we shall attempt to find the solution of this equa- 
tion in the model of an axially symmetric deformed oscillator potential. In this 
model the energy of the single-particle level X in the semi-classical approxima- 


tion is of the form 


&, + & = hax (Nx + Ny) -+ hon, = hon, + ho,n;, (11) 


where 0x, @, and @, are the frequencies of oscillation along the axes, and fx, Ny 
and n; are the oscillator quantum numbers. The quadrupole moment operators are 


of the form 


(12) 


The matrix elements of these operators are nonzero for transitions inside the 
given shell N=n,-+n,-+n, and through the shell N’=N+2. Transitions through 


the shell are "far" transitions in the sense that 
(Hy — eye Z2ho, => 2A, 
where hw, is the separation between shells in the spherical nucleus. 


The diagonal matrix elements of the operators (12) can readily be calculated. 
In the semi-classical approximation we have 


" 5 9 (48, ny 
(920)a. = (eae O, oe a ) 


(13) 


The nondiagonal matrix elements of the operator 4g.) correspond to "far" 
transitions only. The operator 44, has nondiagonal matrix elements, which cor- 
respond to transitions not involving change in energy: 


15n_n 
5 = Di j/e 

(Jo-to)aa i Bade?’ (14) 
where the state i’ is described by the quantum numbers N),=Ngt1; ny=nytl and 
n,=n,; here n’ =n,. All the other nondiagonal matrix elements of this opera- 
tor correspond to "far" transitions. 

Eq.(9) can be rewritten in the form 
2A? |9y)°[? ’ (E, By, — 8,8, — A*) (BE, + E,.) 
‘ae Liat ven A r 2 

x2 E, (4E% — o?) 2 26) E, (Ey + £,.)? — @?] | doa, (15) 


where pa indicate summation over all transitions occurring without change in 


energy, while 2 represents summation over all "far" transitions. In the last 
a : 


- 
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Sum one can neglect , after which the entire sum over the "far" transitions can 
be included in the renormalization of the constant «. Then 


a. 7 2A2 
ee ao 
an Hy (463 — o?) 


where 
K! = = ; (16) 


a Seas aes ’ 
<1 26, Ey (Ey + Ey) | M1 


For a fixed transition energy (e,— «), |qax |? varies considerably with the state 


hover the interval ~e,A~”. At the same time the function ae has a maxi- 
PAN eel re 


mum of width ~ 2A at *«,=—0(. Hence, with semi-classical accuracy we can write 


} , 4A2 { 
— eae Se AN 
> 2 4A2 aes tie 4 | Gan’ Ip 6 (€). (17) 
ve =. a SN 
w? w2 


Solution of the transcendental equation (17) can be found in explicit form in the 
two limiting cases: »<2A and 2A—w< 2A. 
In the first case 


é 3 / ; 
w= 2A a ; / 1— x’ >} | ana |? 8 (ea), (18) 
AA’ 
and in the second case 


ae ON {! aK [> grax [28 (er)] | 


AA’ 


(19) 


The order of magnitude of x and, consequently, of %' is known?; x ~ ai (A is the 
0 


number of nucleons and stb is the nuclear radius). Moreover we can use the evalua- 
tion 


D1 | gave? 6 (ex) = Ropy, 
Ar’ 
where p, is the level density at the Fermi surface. On the basis of the foregoing 


evaluation we can write 
#° D}| gar? 8 (ex) 1; 


Az’ 


consequently, the difference between w and 2A can be ~A. 


Thus we find that in deformed nuclei there can exist collective excitations 


with an energy substantially lower than 2A. Clearly, this deduction is valid pro- 


vided x’ >)| qx 
An» 


28(e,)<1. Otherwise, the theory is inapplicable. 


4. We now turn to the problem of finding the ratio of frequencies of B- and 


_y-oscillations. To this end we return to Eq. (9) and rewrite it in the form 


ee) (By By, = 8&1 + A*)| ay I? oy (20) 
ay 2B Ey, (Ey + Ey)[ (Ey + Ey P?—o*] 


where 


ss. 
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EB, Es — &) &, + A? 


{— x eee 
2 2E, 6), (By + Ey) 


lax iy 


It can readily be shown that the sum over all states X and \’ in the defini- 
tion of x’ does not depend on the type of oscillations. Thus in the semi-classi- 


cal approximation and for deformations Gree 


Ey Ey, — 8 €y, + A® ak 2 LS 6 
es gan’ |? =D} | gare? 6 (ex) = \p (Eq, 7) r8dr, 
Sp? oy Bye (Ey + Ey) = : 


where p(é, 7) =>) (; @, 6 (e,) is the particle density near the Fermi surface. 
A 


On the approximating assumption that o<2A, we obtain from (20) the follow- 
ing ratio for the frequencies of B- and y-excitation: 
By Ey, — &) 8), + A? 
> 26. (EB, + E,,)® (422)% 
oe EEA 82), Ae oe 
< 28, Ey, (Ey + Ey? (920) >.x7 
The sums in (21) can readily be calculated in the semi-classical approximation?: 


ed: ar’ 


(21) 


1 Bato taba ie (oa) (22) 
= ae NE | ee 
AN 26,2, (£, + £,,)° To 2 42 | es | Pax | 8 (éa), 
Pine 
wheter 7 (1) eo eee 
zy + x? 
Invoking (22), we obtain 
&,—& 
{= 3 ( Ar r 
2) Se (922) 57 8 () 
2 An (tae) 22) r 
o 
Bidaes 2A 
o? e ed ees ; (23) 
e| aa , 
= &, — ey (Y2o)anr § (€,) 
("a 


Let us now find the relation between the frequencies of B- and y-excitations 
in the model of a deformed axially symmetric oscillator potential. 
Far transitions make a negligibly small contribution to (23). On the 
other hand, when B<i1 
af 
D) (Geo)k 8 (ex) = >) f@aa)¥a O(e,)—= > . B41 
~ 2 (Gaa)in (€,) ( “.) — (24) 


647° moe ho, h@, . 


Consequently, in the model of an axially symmetric oscillator potential the fre- 
quencies of B- and y-excitations agree. This agreement occurs owing to degener- 
acy of the levels in the given potential. 
Next let us consider a more realistic model namel 
° y, the Nilsson model with- 
out spin-orbit couplingS. In this case the Hamiltonian is 


H=H,+ DP, 
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where 
m 


Hy = + ™ (ote? + oly? + at (28) 


mis the mass of the nucleon and 
Be steato fogs ui. Dis a constant known from experiment (D equals 

In the case of deformations BS\A~ the term Dl? can be taken into account by 
means of perturbation theory.19 In this case the single-particle levels can be 
classified by the quantum numbers 7,, n,, A, where A is the projection of the angu- 
lar momentum on the nuclear axis (A= +1, +3.... if Ais odd, and A= 0, +2, +4, 
eee. if Ais even). In the semi-classical approximation 

<ngding| 0? my An, > =A? 4. On nx (26) 

Introduction of the term D/? into the Hamiltonian thus leads to removal of the 
degeneracy. As a result there appear "near" nondiagonal transitions in the case 
of y-excitations (n,,n,;, A->n,,n,, A+2). The difference between the correspond- 
ing energies &,—e#,=—+4DA. In the case of B-excitations, introduction of this 
term does not lead to the appearance of "close" nondiagonal transitions. 

As a result the ratio of the frequencies of the y- and B-excitations in Nils- 
son's model without spin-orbit coupling can be obtained from (23) in the form 


2 a) ei 2DeE,x 
@B at A 
SRN toa) (1 — 32% + 208) dr. eo) 
0 WA n) 
In going from Eq.(23) to (27) we have replaced summation over quantum nun- 
bers by integration and used the explicit form of the matrix element 4x. 
It follows from (25) that in the limit as D->0, the ratio ,/o,-—>1.  Evalua- 


Y 


2De, 


tion in terms of our notation gives D~e,/A, A~e,A “ and, consequently, ~ ) 
0 


4; 
hence there is no explicit notational difference between ©, and w,. However, it 
is evident from (25) that (w,/w,)?<1, i.e., that the levels corresponding to B- 
excitations must lie below levels corresponding to y-excitations. 


The dependence of the ratio @,/wy on the parameter a = a is indicated by 
the following figures: 3 


8 0.90 0.86 0.80 0.72 


5. Present reliable data on levels corresponding to B- and y-excitations are 
available mainly for heavy nuclei in the region of thoriun, uranium and plutoni-~ 
um.t1 It is found in all these cases that the energy of the B-oscillations is 
less than the energy of the y-oscillations by 0.1-0.3 MeV. This experimental 
fact is in qualitative agreement with the results of our calculations. It also 
follows from the theory that B- and y-vibrational levels may have excitation ener- 
gies substantially lower than 2A. 

Thus the microscopic interpretation of B- and y-levels proposed above ap- 
pears to be plausible. In contrast, the hydrodynamic model and the independent 
particle model are incapable of explaining either the absolute energies or the 
relative locations of the levels in question. 
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Unfortunately, comparison of the theory with experiment in the region of 
rare earths is difficult owing to the lack of systematic data on the positions 
of the levels corresponding to B-excitations. In view of this it would be of 
interest to search for low-lying B-levels in this nuclear region. 
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INVESTIGATION OF THE DECAY SCHEME OF Eul45 
- Yu.A,Aleksandrov & M.K. Nikitin 


In the present work, using a coincidence scintillation spectrometer, we in- 
vestigated the y-transitions and y-y coincidences evinced in the decay of the 
europium fraction separated chromatographically from a tantalum target bombarded 
with 660 MeV protons. It must be noted that the presence of a mixture of isotopes 
Byer? europium fraction greatly hampered interpretation of the experimental re- 
sults. 

The y-spectrum and y-y coincidences were investigated twice with an interval 
of about two months between measurements under identical conditions. Thus, through 
analysis of the spectra we were able to distinguish between the radiations of the 
long-lived isotopes Eul47, Eul48 and Eul49 and the radiations of the relatively 
short-lived isotopes Eul45 and Eul46, The problem of separating the radiations of 
Eul45 and Eul46 is more complicated inasmuch as the periods of these isotopes are 
close. In the given case we used the results of our earlier work! in which there 
were carefully investigated the y-spectrum and y-y coincidences in the decay of 
Eul46 separated from a gadolinium fraction (also extracted from proton bombarded 
tantalum). 

Moreover, in investigating the y-y coincidences we used the following pro- 
cedure. The fixed channel of the coincidence spectrometer was set to discrimin- 
ate narrow gamma energy intervals (~50 keV). In investigating coincidences with 
a region of the y-spectrum wherein transitions close in energy are not resolved 
by the scintillation spectrometer, we shifted the setting of the fixed channel in 
successive steps. Then by comparison and analysis of the experimental coincidence 
curve, in some cases we were able to draw unambiguous inferences regarding the 
presence of cascade y-transitions in the decay of Eul45, 

The most reliable identifications of Eul45 were made in the studies of Grover? 
and Bashilov et als, wherein there were established the mass number and the period 
(5.6 days). In the work of Bashilov et al it was shown that y-transitions with 
energies 2000, 1880, 1660 and 890 keV belong to Eul45, Grover2, who used the 

Sm144(q,p,2n)Eul45 reaction, observed y-transitions with energies of 530, 645, 890, 
1300 and 1650 keV. The conversion electron spectrum of Eul45 was investigated by 
Anton'eva et al4; there were identified the following y-transitions: 1990, 1867, 
1652, 1142, 886, 757, 647 and 110 keV. The positron spectrum and conversion elec- 
tron spectrum were investigated by Dzhelepov et al> on a triple focusing magnetic 
spectrometer; it was established that there are B*-components with end-point ener- 
gies of 740 and 1740 keV. 

We carried out a further investigation of the y-spectrum of Eul45 particu- 
larly in the high energy range (to 3 MeV). We detected y-transitions with ener- 
gies of 110, 190, 530, 655, 765, 895, (1140), (1300) , (1870), 2000, (2200) and 
2420 keV, which are, apparently, transitions between levels of Sm145, One cannot 
positively affirm the existence of the 1140 and 1300 keV transitions in view of 
their low intensity and the presence of y-transitions close in energy in the de- 
cay of Eul46, The 1870 and 2200 keV transitions are evinced explicitly only after 

resolution of the experimental y-spectrum, using standard line shapes. 

We obtained the following values for the relative intensities of the y-rays: 


Ey ,keV 530 655 765 895 1660 1870 2000 2200 2420 


I, 7,342.7 2747 1043 100 15.640.8 1.5 841 1 1 
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Decay scheme of Eut45, 


Investigation of the y-y coincidences revealed the existence of the follow- 
ing cascade transitions: 895—665—530—110; 895-765; 530—765; 530—-520 keV; 
2000 keV-(K x-rays); 1660 keV-(K x-rays). We did not detect 1660—110, 2000—110 
of 2000—895 keV coincidences. 

On the basis of the experimental results we propose the decay scheme for 
Eul45 shown in the figure. Without further investigation of the decay of Eul45 
and the angular correlation in the cascade transitions one cannot draw any defini- 
tive inferences regarding the nature of the levels of Sm145 and the spin assign- 
ments for them. 

We desire to express our deep gratitude to the staff of the Laboratory of 
Nuclear Problems of the Joint Institute for Nuclear Research for making available 
the europium fraction. 


Scientific-Research Physical Institute at 
Leningrad State University 
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QUADRUPOLE MOMENTS AND ISOTOPE SHIFTS OF BARIUM ISOTOPES 
- N.I,Kaliteevskii, E,E.Fradkin & M.P.Chaika 


The purpose of the present work was to determine the nuclear quadrupole mo- 
ments and isotope shifts of barium isotopes by the method of optical spectroscopy 
using separated isotopes (80-90% enrichment). 
For determining the quadrupole moments of the odd isotopes we investigated 

the deviations from the hyperfine structure (hfs) interval rule for the Ba I 
Gs6p*P: term, for which we studied the hfs of the two Ba I lines: X = 4599 A 

(Gp? 4%) — 6 3Pi) and X = 4573.9 A (Gp? °Po — 6 3P;), the upper levels of which are 
not split. There were obtained the following values for the quadrupole moments: 


Q(Bal35) = (0.25 + 0.12)-10-24 om2, 
Q(Bal37) = (0.2 = 0.1)-10-24 cm2. 


According to the generally accepted shell model classification2 the configu- 
ration of the ground state of Bal35 ig 27, and that of the Bal37 is (2d,)?. Our 
results (Q> 0 for both isotopes) indicates that in both Bal37 and Bal35 there is 
a hole in the 2d:, neutron level. Consequently, one must assign the configuration 
(Ss:,)° Ahu),)"° (2d:,)° or the configuration (3s:,)°(1hu,)" (2dy,)3 to the ground state of 
Bal35, It is interesting to note that Xel3l, the ground state configuration of 
which is (2s:,)?(1hu,)!°2d;, has a negative quadruople moment3, 

The absolute value of the quadrupole moments of the odd barium isotopes can- 
not be explained in the framework of the single-particle shell model, inasmuch as 
according to the evaluation based on this theory even an odd proton nucleus with 
A = 135 and the ground state d:, would have a smaller value of Q than the quadru- 
pole moment found by us for Bal39, 

For determining the isotope shifts of the barium isotopes we investigated 
the shift of the Ba I (6s?1S,—6s6p'P,), \ = 5535.6 A line. The measured shifts in 
10-3 cm-! were the following: 


Bal38 Bal36 Bal34 Bal37 pal3d 
-4.7 an Oso -0.5 a 0.5 O 1 + 0.7 Pht) ete 0.4 


These data on the relative position of the isotopes differ from those of 
previous investigations (see Ref.4) as regards the position of Bal36 | which was 
measured in the present work with particular care. 

Theoretical calculations? yield the following evaluation for the shift of 
this line due to the isotopic mass difference: v,—v,4,, = -6.3°+1073 em™1, Sub- 
tracting the mass shift from the experimental values, we obtain the following 
figures for the volume isotope shift (in 107-3 cmq1): 


Bal38 Bal37 Bal36 Bat3s Bal37 
0 8,8 10.5 17.0 17.3 


Two important inferences follow from the cited data, namely, there exists 
a pronounced even-odd shift when the positions of the even isotopes are not equi- 
distant. 

The relative isotope shifts for the isotope pairs 


(Visa — Vise) * (Vass — V137) : (Vise — Vass) = 0.65: 0,78: 4 
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«Isotope shift at the 5535 A line. The isotope 
shift of the line for three pairs of isotopes 
is laid off along the vertical scale: 1 - shift 
obtained from experiment, 2 - mass shift evalua- 
ted theoretically, 3 - regular part of the volume 
shift, 4 - shift equal to the sum of shifts 2 
and 3 (follows from the spherical nucleus model), 
5 - difference between shifts 1 and 4, equal to 

the deformation shift. 


show an appreciable increase of the shift for the 
-10 he VS ote i134 — 136—138 pair, i.e., with closing of the neutron 
pete as 136 shell (N = 82), which is inconsistent with the con- 
| cept of the shell model that does not take into 
account nonstatic deformations of the nuclear core. 
Using the method outlined by Kopfermann® , we calculated the isotope shift 
constant: 
B6T B6r 


s s 


nas? (0)/Z  4,/G ’ 


BCexp = 


where 67, is the isotope shift due to the s electron, and a, is the 6s magnetic 
hfs constant (this is determined experimentally from measurement of the hfs of 
the 6s6p°P, term). The constant G was calculated by means of the formula 


G VRZeDEM psa ey mey. 


My I 


There were obtained, with an error estimated not to exceed 20%, the follow- 
ing values for the isotope shift constant for the barium isotopes (in 10-3 em-l): 


Bal36-138 Bal35-137 Bal34-136 
67 52 44 


These values, while greater than those published earlier®»7, are still anomo- 
lously low, which indicates a small change of the root mean square radii of the 
barium nuclei. Possibly the anomolously small isotope shift and the nonequidis- 
tant positions of the isotopes can be explained by effective deformation and de- 
crease thereof from Bal34 to Bal38 (nucleus with a closed neutron shell) which 
is illustrated in the accompanying figure. This hypothesis is supported by the 
fact that apparently Q137< Q135, although, admittedly, these quantities have been 
measured with an appreciable uncertainty. 


Scientific-Research Physical Institute at 
Leningrad State University 
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GENERATOR OF SHORT LIGHT PULSES 
- G.S.Vil'dgrube, Yu.A.Kolosov & Zh.M.Ronkin 


It is superfluous to point out the importance of objective methods of inves- 
tigating the pulse characteristics of photomultipliers. The need for such a meth- 
od is particularly great in laboratories of plants producing photomultiplier tubes. 
The lack of a stable yet flexible (in the sense of a wide control range) source of 
light pulses is holding up the development of commercial automatic equipment for 
testing multipliers and greatly hinders laboratory tests of such tubes. 

All pulsed light sources now available, such as neon tubes, spark gaps, 
mechanical modulators and tubes in which there is utilized fluorescence of glass, 
either do not provide the necessary stability or have only a limited range of use 
owing to a restricted pulse duration range or other shortcomings. We have tested 
some of the enumerated sources with negative results. Thus, for example, krypton 
tubes prepared especially for this purpose proved to be highly unstable: the ampli- 
tude of the light pulses varied by 20-30% or more. Neon lamps (types MN5 and MN8), 
despite careful selection and aging, showed even worse characteristics. A cathode- 
ray tube prepared especially for this purpose, in which there was no screen and 
use was made of the effect of fluorescence of glass, proved to be somewhat more 
stable; nevertheless, the light pulses varied in the range of 10-15% and there 
was observed pronounced fluctuation of the fluorescence spot over the screen. 

With a view to developing a better light pulse source we investigated a minia- 
ture ZLK-1 kinescope with a helenite screen, developed in our organization. Ad- 
mittedly the use of a cathode-ray tube as a pulse light source is not in itself 
new, but all the phosphors commonly employed in such tubes have a substantial 
shortcoming, namely, an appreciable build-up time and, what is more important, 

a long persistence. The ZLK-1 kinescope is free of this shortcoming by virtue of 
use of a phosphor with a very short persistence - helenite. 


Fig.1. Oscillograms of 2 usec pulses: a —- on the modulator of the ZLK-1 
tube and b - on the collector of the photomultiplier. 


Fig.1 shows oscillograms of two pulses of 2 microsec duration: a) a trigger- 
ing pulse on the modulator of the ZLK-1 tube and b) a pulse on the collector of 
the photomultiplier; from these one can judge of the simulation of the triggering 
pulse. As will be evident from the figure there is not noticeable distortion of 
the pulse shape; the rise time of the pulse is (1-2) +1077 sec. 

The emission of the helenite screen has a highly desirable composition; the 
radiation peaks at about 4000 A. The spectral characteristics of a cesium-anti- 
mony photocathode and of the radiation from a helenite screen are shown in Fig.2. 

These desirable characteristics plus good stability made it possible to use 
a ZLK-1 tube with a helenite screen in a circuit (Fig.3) for measuring the in- 
trinsic amplitude resolution of photomultipliers. 
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100 =e { <Fig.2. Spectral charac- During the dark inter- 
| | teristics of 1 - cesiun- val the tube is cut off by 
antimony photocathode, part of the voltage from 
80 and 2 - radiation from the divider connected into 
helenite screen. the circuit of the high 
voltage rectifier VS-10 


60 
(BC-10); the tube is unblocked by pulses from a precision 


limiter designed about a 6N6P (6H6II) tube, calibrated 

in amplitude. The limiter circuit in turn is triggered 
by a pulse from a GI-2A (TM-2A) generator, which is ap- 
plied to the "start" terminal. The amplitude spectra are 
recorded by means of a 100-channel pulse height analyzer 
— (type AI-100). The stability of the precision pulses is 
4000 5000 60004, wetter than 0.1% over a period of 8 hours operation. The 
stability of the light pulses is 1.5% as determined over 
the same period. 
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Fig.3. Circuit of set-up for measuring the intrinsic resolution 
of photomultipliers. 


Fig.4 shows two histograms: a) recorded for an FEU-13 - 
ing a NaI(Tl) crystal exposed to radiation from a Cs137 Sone cate ee 
solution is 10%) and b) for the same FEU-13 photomultiplier but with a ZLK-1 tube 
(amplitude resolution of the photomultiplier 5.5%; flash intensity equivalent to 
the scintillations in the NaI(T1) crystal). For determining the intrinsic ampli- 
tude resolution of the tube we recorded the variation of the square of the an 
oat photomultiplier plus tube combination as a function of the reciprocal 
ee Si pra energy; the intrinsic amplitude resolution of the tube was found to 

The great range of brightnesses available from the tube (the maximum light 
Plea in a pulse is 0.3-0.5 1m) made it possible to use this tube for investigat- 
ng the light pulse characteristics of photomultipliers. In this case the ZLK-1 
tube is operated under the same conditions but the triggering pulse has a higher 


=” 


- 1187 - 


Fig.4. Histograms recorded by means of the AI-100 pulse height analyzer for a 

FEU-13 photomultiplier: a - with an NaI(T1l) crystal and a Csl37 source, and b - 

with a ZLK-1 tube with a helenite screen (flash brightness equivalent to the 
scintillations produced in the NaI(T1l) crystal by Cs13%), 


amplitude (300-350 V). The photocathode of the tested photomultiplier is irradi- 
ated with powerful light flashes, the brightness of which can be regulated by 
means of a set of neutral filters or by varying the height of the triggering pulse. 

In conclusion, it may be noted that the use of a ZLK-1 tube with a helenite 
screen for the purpose of obtaining microsecond light pulses offers great possi- 
bilities in the field of investigation of photomultipliers and other photoelectric 
devices. 

We take this opportunity to express our deep gratitude to N.N.Nordstrem for 
assitance in preparing the sample tubes. 
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LIGHT-PULSE CHARACTERISTICS OF LOUVRE TYPE PHOTOMULT IPLIERS 
- G.S.Vil'dgrube, N.K.Dalinenko, N.V.Dunaevskaya & Zh.M.Ronkin 


1. Procedure 


We constructed a special set-up and developed a test procedure for investiga- 
ting the linearity of the light characteristics of photomultipliers (PM) operated 
under conditions where the photocathode is illuminated by brief light pulses. 

By way of pulse light source we used a ZLK~-1 (3JIK-1) cathode-ray tube with 
a helenite screen.! The tube is triggered by square pulses from a GI-2A (TW-2A) 
generator, preamplified by an amplifier designed about a GU-50 (TY-50) tube. 

The amplitude of the PM output current is determined from the voltage of the 
square pulse measured by an MVIIM crest voltmeter with a load of 100 ohms in the 
anode circuit of the PM. To determine the optimum supply regime for the PM we 
use a voltage divider made of potentiometers; the shape of the pulse on the anode 
is observed by means of an I0-4 synchroscope. Inasmuch as in addition to evalua- 
ting the linearity of the light characteristic, we felt it would be of interest 
to investigate the stability of the photomultipliers under conditions of high out- 
put current (21 A), a special highly stabilized power unit was used for supply 
for the entire set-up. 

Pulses of 2 usec duration are applied to the ZLK-1 tube; the maximum bright- 
ness regime is found by varying the modulator potential. The resultant maximum 
brightness flux is taken as unity or 100%. The light flux is weakened as neces- 
sary by means of a set of neutral light filters. The pulse repetition rate in 
the measurements was 50 pps. In some measurements we also used single pulses (1 
pulse per min). In the process of measurement by successive variation of the 
voltage divider potentiometer settings we obtained the maximum output pulse, which 
was observed on the screen of the I0-4 synchroscope. 


2. Experimental results 


Using the developed procedure, we inves- 
tigated samples of FEU-11, FEU-12, FEU-52 and 
FEU-53 photomultipliers. The family of light 
characteristics for different PM louvre designs 
is shown in Fig.1. For purpose of comparison 
in the same figure we give the light charac- 
teristics obtained for samples of FEU-19, FEU- 
IV and EMI-9558 photomultiplier tubes. 

On the basis of the test results we car- 
ried out an analysis of the influence of the 
design and electric parameters of photomulti- 
pliers on the linearity of the light pulse 
characteristics. 

As follows from the curves of Fig.l, 

' photomultipliers with alloy emitters, which 
ELEMIS TG GIO PURE Tae allow of high average output currents, can 
‘units be used under "forced conditions" w 
Fig.1. Family of light pulse char- durations and higher repetition shequcdi geal 
acteristics for different photo- (curves 1-5 & 7) as compared with photomulti- 
multipliers: 1) FEU-49, 2) FEU-53, pliers with cesium-antimony emitters (curve 
3) FEU-11, 4) EMI-9558, 5) FEU-19M 6). The louvre type design has limitations 
(alloy type), 6) FEU-19, 7) FEU-IV. as regards the output assembly both because 
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Fig.2. Oscillograms of output pulses from FEU-52 photomultiplier tube 
No.83: a) unaged photomultiplier after 30 min operation, b) unaged 
photomultiplier after 8 hours operation, c) aged photomultiplier af- 
ter 30 min operation, d) aged photomultiplier after 8 hours operation. 


of geometric conditions and because of limitation of the applied anode potential. 

If one regards the output stage of the PM as a diode with a flat cathode (the 
last stage of the multiplication system) and an anode (the collector), then, under 
conditions of limitation of the current by space charge, there appears a retarding 
field that holds back the electrons emitted from the cathode with low initial ve- 
locities, which determines the steady state PM current. With change in the anode 
potential the strength of the retarding field changes and with it the PM output 
current. If the electron transit time is shorter than the duration of the light 
pulse, one can consider the electron current at any cross section from the cathode 
to the anode to be virtually constant. In this case for determining the current 
at the PM output one can use the 3/2-power law. Thus the limit of linearity of 
the light characteristic in our case is imposed by the internal resistance of the 
gap between the last stage and the anode. 

It must be borne in mind that the voltage between the last stage and the 
anode at the time of flow of current will be equal to the sum of the voltages on 


the load resistance in the last stage-anode gap, while during the dark interval 


the entire anode voltage proves to be applied to the last stage-anode gap. In 
designing the output assembly of a multiplier, bringing the last stage closer to 
the anode increases the linearity of the light characteristic by decrease of Ri, 
but at the same time the electric strength of the gap is reduced, which means 
that the magnitude of the maximum anode voltage must also be diminished. 

As was noted, the light characteristics were investigated using a voltage 


divider with potentiometers adjusted to the optimum positions. On the basis of 
extensive statistical material we chose an "average' voltage divider which can 
be recommended for general operational use (the value of the anode current should 


not differ by more than 10% from the maximum value): 
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Characteristics of the "average" voltage divider (relative units): 
71-8 8-9 9-10 10-11 11-12 12-A 
L505 51.0 lee 1.5 1.6 Rated 


2-3 
0.9 


1-2 3-4 4-5 5-6 6-7 
0.7 0.8 . AJ 1 Owed 1.0 


Ae) 0 : 

In photomultipliers with fourteen multiplication stages the ratio of the re- 
sistances for the last stages remains the same, while for the intermediate stages 
(3-11) it is set equal to unity. 

We investigated the stability of the photomultiplier output current with an 
amplitude of 1 A over a period of 8 hours both with single pulses and at a pulse 
repitition frequency of 50 pps. In both cases the stability of the PM output cur- 
rent after 8 hours of continuous operation was no worse than 5%. Fig.2 shows the 
oscillograms of the first and last pulses obtained in testing an FEU-52 tube be- 
fore and after aging. 
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NUMBERS OF PHOTONS PER DECAY OF Cel44 AND Ey155 
- A.N.Silant'ev and B.S.Kuznetsov 


In the present work we measured the numbers of photons per decay of Cel44 
and Eul55 using the 41B-y coincidence procedure described in Ref.1. The cerium 
and europium were purified chromatographically. In order to check the purity of 
the specimens we carried out additional measurements after the passage of four 


months. The results of the repeat measurements agreed with those of the initial 
ones. 


50 100 150 E,keV i 
50 100 E, keV 
Fig.1. Gamma-spectrum of Cel44 in 

equilibrium with Pri44, Fig.2. Gamma-spectrum of Eul55 , 


The experimental spectrum of Cel44 in equilibrium with Pr!44 is shown in 
Fig.1. There are evident peaks corresponding to y-rays with energies of 36, 80 
and 134 keV. In order to evaluate the contribution from the radiation of prl44 
we carried out chromatographic separation of Pr from the Ce and recorded its spec- 
trum. In the low energy region the y-spectrum of Pr144 consists of the Compton 
distribution from the hard y-rays of Prl144, There is also some contribution from 
bremsstrahlung. From the experimental spectrum there was subtracted the spectrum 
of y-rays belonging to Pr144, Then we determined the area under the peak corre- 
sponding to the 134 keV y-rays. In the region of the 80 keV y-ray peak there is 
some contribution from the 134 keV y-rays as well as from the hard y-rays and 
bremsstrahlung of pri44, In order to evaluate the contribution of the 134 keV 
y-rays to the peaks corresponding to the 80 and 36 keV y-rays we carried out three 
series of measurements using different absorbers. 

The resultant numbers of photons per disintegration are shown in Table 1; the 
estimated uncertainty is 15%. 


Table 1 Table 2 
Numbers of photons per decay Conversion coefficients for the 
of Cel44 (in %) y-rays of Cel44 
Ref. | Ref. |Ref. | Our Transition | 
ae 3°14 | data energy, {Shell aia Re fjOur 
i ke 
We LP eA A heal 
36 rs — = 8,2 80 ’ ’ ’ ’ 
80 | — 4 _ 1,6 { Li) == | — 10,29) 053 
134 | 15,4 13 Byes) Shy it ee K |0,71/0,76/0,49} 0,55 
{ Doi lea. 07/ 0,08 


Geiger et al° determined the number of conversion electrons per disintegra- 
tion and also showed that the 80 and 134 keV y-transitions are pure Ml. On the 
basis of our results and the data of Geiger et al one can calculate the conversion 
coefficients for the 80 and 134 keV y-rays. The resultant values are listed in 
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Table 2 from which it will be seen that the conversion coefficients deduced from 
experiment are in agreement with the theoretical values’ for Ml transitions. 

Fig.2 shows the y-ray spectrum of Eul55, The spectrum comprises a peak cor- 
responding to y-rays of 41 keV energy and a peak corresponding to y-rays with 
energies of 86 and 105 keV. We resolved this peak into components. The percent- 
ages of 41, 86 and 105 keV y-rays per disintegration of Eul55 proved to be 25, 32 
and 16%, respectively. Inasmuch as resolution into components introduces a cer- 
tain error, the sum of the values for the last two transitions is relatively more 
accurate. 


"v.G.Khlopin" Radium Institute, 
Academy of Sciences of the USSR 
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USE OF AN IONIZATION ALPHA-SPECTROMETER WITH A TIME ANALYZER 
FOR DETERMINING DECAY PERIODS 
- Yu.M.Volkov, A.P.Komar, G.A.Korolev & G.E.Kocharov 


Introduction 


Generally, a number of difficulties are encountered in experimental measure- 
ments of the lifetime of short-lived Q-emitters. Most of these difficulties can 
be avoided through the use of an ionization Q-spectrometer!»2 in conjunction with 
a time analyzer. 

The decay period is determined from the time distribution of the pulses of 
the Q-particles from the investigated element relative to the distribution of 
pulses of Q-particles from the parent substance. This procedure has the follow- 
ing merits. 

1. Energy discrimination of the investigated Q-particles substantially re- 
duces the chance coincidence background and makes it possible to carry out mea- 
surements in the presence of particles of other energies. 

2. Simultaneously with measurement of the decay period, one can with high 
accuracy determine the energy of the q-particles. 

3. Use of a multiple channel time analyzer substantially reduces the measur- 
ing time as compared with that necessary in using integral and differential meth- 
ods of delayed coincidences. 

4. For long periods one can use a 4x chamber with a low intrinsic background 
(1 pulse per hour per 1 MeV energy interval), which makes it possible to measure 
periods of up to 10 sec. 

To check the potentialities of the equipment and procedure we carried out 
measurements of the period of Po215 with high accuracy (0.3%). Po215 (AcA) is a 
member of the actinium series. It forms in Q-decay of 3.92-sec Rn219 (An) and 
converts by Q-emission to Pb21l (AcB). The first direct measurements of the peri- 
od of Po215 were carried out by Moseley & Fajans® by the method of a rotating 
disk; they obtained 0.002 sec. Subsequently, Ward* used the integral method of 
delayed coincidences and obtained a value of (1.83 + 0.04)°1073 sec. Inasmuch as 
the method proposed herein allows of attaining considerably higher accuracy, we 
felt that new measurements of the period of Po#15 would be of considerable inter- 
est. 


1. Description of the Equipment 


A block diagram of the set-up is shown in Fig.1. The ionization chamber, 
containing the actinium series activity, was filled with a mixture of 97% argon 
+ 3% CH4 at a pressure of 1.8 atn. 

The pulses due to all Q-particles were amplified, after which the pulses due 
to Rn219 and po215 Q-particles were selected in amplitude by means of differential 
discriminators. For selecting the Q-lines we used a 28-channel pulse height ana- 

_ lyzer and a precise-amplitude pulse oscillator. i ae 

The section of the Q-spectrum containing the lines of Rn219 and Po is 
shown in Fig.2. os 

The discriminator output pulses due to Q-particles from the parent Rn were 
fed into input I of the 49-channel time analyzer; the pulses due to the Q-parti- 
cles of the daughter Po215 were applied to input II. From the distribution of the 
pulses of the Q-particles of Pol” in time relative to the pulses of the O-parti- 
cles of Rn219 one can determine the period of Po715, 
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Fig.1. Block diagram of the set-up. 


Ag Bie. In the course of the 
experiment the relative 
position of the Q-lines 
and the discriminator 
gates was checked periodi- 
cally. The drift of the 
discriminator levels and 
amplification factors 

and, consequently, the 


EL Fg EME PS [HEE EPR TEL Te Oe he: variation in the loading 
Dipl RETO TH Sr in the channels was negli- 
Fig.2. Section of the Q-spectrum of the actinium gible during the entire 
series. AERn - gate of the discriminator channel period of measurements. 


for Rn219 Q=-particles; AERO - gate of discrimina- 
tor channel for Po215 Q-particles. 


2. Time Analyzer 


The pulses from the outputs of the discriminators for the Q-particles of 
the parent and daughter activities are fed, respectively, into inputs I and II 
of the time analyzer converter unit (Figs.3 & 4). 

The pulses entering input I, after shaping, trigger the shock oscillator, 
while the pulses fed into input II cut off the oscillator. Thus the shock oscil- 
lator operates during the time corresponding to the interval between the appear- 
ance of pulses produced by Q-particles from the parent and daughter elements. 

The 105 ke sinusoidal oscillations of the shock oscillator are limited and shaped 
into narrow (total duration about 1 psec) unipolar pulses, which are sent into 
the divider unit consisting of three frequency dividers with division factors of 
3,3 and 4, respectively. Thus, at the output of the last frequency divider there 
is obtained a series of pulses, the separation between which corresponds to the 


product of the period of the shock oscillator by the total division factor (342 
usec). 
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Fig.3. Block diagram of time analyzer. 
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Fig.4. Circuit of time analyzer converter unit. 


The information unit counts the number of pulses in the series and performs 
registration in the channel, the number of which is equal to the number of pulses 
in the series. After recording, the information unit is brought back to the ini- 
tial state by a "reset" pulse which arrives 10 usec (the dead time of the mechan- 
ical register) after appearance of the daughter element pulse. The "reset" pulse 
is shaped from the trailing edge of the delay trigger pulse, set off from the side 
of input II. 

After being triggered from the side of input I, the analyzer is insensitive 
to Q-particle pulses from the parent substance up to the instant of triggering 
from input II and then for a further 10 usec. The first blocking is provided by 
a diode circuit incorporating a two position relay, which controls the operation 
of the shock oscillator; the second blocking is provided by the circuit of the de- 
lay trigger. This second blocking eliminates the possibility of a count being 
missed owing to the dead time of the mechanical register. 
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After recording of a pulse due to an Q-particle of the daughter substance, 
the analyzer is insensitive to pulses from the side of input II up to the time 
it is reactivated by a pulse from input I. If during the time of the complete 
cycle of the analyzer no pulse arrives at input II, then by means of a circuit 
acting on input III (Fig.4) from the side of the information unit, the analyzer 
is brought back to the initial sensitive state. 

The information unit consists of two ring scalers (with scaling factors of 
5 and 10, respectively) , connected in series and actuated by the series pulses. 
Coincidences between the states of the cells of the first and second scalers pro- 
vide for 50 effective time channels. 

The given analyzer was converted to a time analyzer from the pulse height 
analyzer 1 described in Ref.5. The conversion unit of this analyzer utilizes 
some of the components of the conversion unit of the pulse height analyzer, while 
the information unit has not been changed, except for replacement of the SB-1M 
mechanical registers by MES-54 registers. 


3. Calibration of the Analyzer Time Scale 
The time scale of the analyzer was calibrated, and its stability periodical- 
ly checked in the course of the experiments by comparison of the frequency of the 
shock generator with the frequency of a quartz crystal oscillator (a 271M range 
calibrator). The frequency of the quartz crystal oscillator was checked before- 


hand to determine its precise value; to this end the pulses from the 271M were 
recorded for a period of 24 hours by a scaler switched on and off by signals from 


a time standard radio station. 
Qua rtz os- Time analyzer 
ciltator cOnverter unit 
TO os 
cil lograph 


Fig.5. Block diagram of the calibration set-up. 
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With a quartz crystal frequency of 7495.53 + 0.12 cps, the 271M oscillator 
yielded calibration pulses with a spacing of 133.413 sec; these were recorded by 
a 100:1 scaler (Fig.5). The first calibration pulse excited the shock oscilla- 
tor; the second cut off the oscillation. The series of output pulses from the 
converter unit was applied to the Y channel of an I0-4 oscillograph. The possi- 
bility of observing the last pulse of the output series was realized by trigger- 
ing the sweep from a special phantastron (time delay tube) oscillator. Calibra- 
tion pulses were also fed through a delay line to the Z channel of the I0-4 oscil- 
lograph and produced marker pips. 

The frequency of the shock oscillator was set so that the last pulse of the 
series corresponded to the boundary between the 39th and 40th channels. A 0.01% 
change in the frequency of the shock oscillator yielded a 5 mm deviation of the 
last output pulse relative to the marker pip on the screen of the I0-4. Thanks 
to measures taken to insure a constant temperature and stabilized supply voltages 
the frequency of the shock oscillator over a period of 24 hours did not drift beak 
yond these limits and was periodically adjusted with the calibrating set-up con- 
nected to the inputs and outputs of the analyzer converter unit. 


= 


= 19% = 


as Comparison of the positions of the first and last output pulses of a series 
with the calibration pips made it possible to measure the interval corresponding 
to the full 39 channels; this proved to be equal to 13 348.0 + 1.0 sec. It fol- 


_lows from this that the channel width is 342.254 + 0.025 usec. Analogous measure- 


ments with closer spacing of the calibration pulses showed that the greatest non- 
uniformity of the channel widths (for the first two channels) did not exceed 0.2- 


0.4 usec. We also determined that the instability of the channel boundaries cor- 
responds to a time interval of the order of 0.3 sec. 


4. Measurements and Processing of the Results 


Preliminary measurements of the period of Po215 yielded a value of 1.79-1073 
sec. These measurements enabled us to choose the optimum counting rate and dura- 
tion of the experiment for the main measurements. 

For calculating the decay period we used the method of processing the results 
described by Peierls®, This method of processing is applicable to any set of ex- 
ponentially decreasing quantities, measured at small equal intervals. This condi- 
tion is satisfied by the time distribution of pulses from Po215 q-particles rela- 
tive to the pulses from Rn219 q-particles, as recorded by the time analyzer. The 
method of Peierls® also requires that the time intervals not exceed 0.5 the decay 
period of the investigated isotope. This requirement was satisfied in choosing 
the channel width of the time analyzer. 

Inasmuch as at high coincidence counting rates there could occur strong dis- 
tortion of both the exponential distribution of true coincidences and the distri- 
bution of chance coincidences (see Sections 5 and 6, below), the coincidence 
counting rate was chosen so that the correction allowing for this distortion 
would not exceed 0.5% the decay period of Po215, 

At a counting rate of 2.5 pulses per sec in the Rn219 q-particle pulse chan- 
nel and 3.0 pulses per sec in the Po215 Q-particle pulse channel, the counting 
rate of true coincidences was 1.0 pulses per sec and the counting rate of chance 
coincidences amounted to only 0.06 pulses per sec. The Rn#19 6.81 MeV Q-line on- 
to which the differential discriminator was set corresponds to the Q-transition 
to the ground state of Po215 and has an intensity of 82%. Hence the counting 
rate in the Rn219 Q-particle pulse channel is somewhat lower than in the channel 
of the Po215 q-particle pulses. The total measurement time was 411 hours. 

During an interval in the range of the first channel of the time analyzer 
there may occur superposition of the pulses from Rn?19 and Po?15 q-particles. 

As a result the number of counts in the first channel is reduced. Hence in pro- 
cessing the results, the indications of the first channel of the analyzer are 
not used. 

The background of chance coincidences due to the intrinsic background of 
the chamber was negligibly small. The effective solid angle of the ionization 
chamber was 2x; half of all the Rn219 q-particles entering the working volume of 


the chamber were accompanied by the corresponding Q-particles of Po215, If the 


second Q-particle of such a regular pair enters the working volume of the chamber 
during a time shorter than T (the time of the complete cycle of the time analyzer) , 
there is recorded a true coincidence. 

The optimum number of channels that should be used for carrying out the cal- 


culations by the method of Peierls depends on the ratio of the background to the 


exponential component and in our case was 36. 

After triggering of the analyzer from the side of input I (@ig.3) of the two 
or more impulses arriving at input II during the time T only the first pulse is 
recorded. The resultant counting loss leads to distortion of the true coincidence 
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spectrum and the chance coincidence packground; hence appropriate corrections 
must be introduced. 


5. Correction for the Background of Chance Coincidences 
oO. Correction 10P ee 


A coincidence is recorded as a chance one if during the interval T after 
triggering of the analyzer by an O-particle from the parent element there arrives 
at input II a pulse from an Q-particle that does not constitute a regular pair 
with the triggering particle. 

The chance coincidence background can be regarded as consisting of two parts. 
The first part is comprised of the cases of recording the second particles of 
regular pairs, the first particles of which do not arrive in the interval T. The 
probability of recording such pulses is the same for 
all channels. The second part of the chance background 
is due to recording of second pulses of pairs the first 
pulses of which arrive within the interval T. Inasmuch 
as the first pulse of such a regular pair may arrive 
only after starting of the analyzer (otherwise the pulse 
itself will trigger the analyzer), its second pulse has 
the probability of arriving in the interval T propor- 
tional to (1 —e-*'), where ¢ is reckoned from the instant 
Fig.6. Distribution in of triggering the analyzer. 


time of the total number Fig.6 shows the distribution in time of the total 
of background pulses number of background pulses arriving during one period 
arriving during one of operation (triggering) of the analyzer; this dis- 
triggering of the ana- tribution is characterized by the function 

lyzer. d 


T= Ng Nie, 
where X is the decay constant, VV, is the counting rate for pulses arriving at in- 
put II of the analyzer, and JV,’is the number of such regular Q-particle pairs 
entering the working volume of the chamber per unit time in which the second par- 
ticle is emitted after the first within the interval T. This quantity is some- 
what greater than the counting rate of true coincidences and can readily be cal- 
culated. 
The mean number of background pulses entering the i-th channel during one 

ee ale of the time analyzer is obtained from the above equation and is given 

y 


, 


nN; = Nj Ce = [e—(—1) Pg oe enUry, (1) 


here tT is the width of the time analyzer channel. The probability for recording 
a chance coincidence in the i-th channel will be 


j 
gp eit’ (t —e-), (2) 


where 7; is given by Eq. (1) The first factor in this ex 
. ° pression is the probabili- 
ty that the background pulse will not arrive in the preceding channel; i second 
factor is the probability that at least one background pulse will arrive in the 
i-th channel. 
The background recorded in the individual channels of the time analyzer is 
proportional to q;. Having determined graphically the background in the last 
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channels in which the exponential component is small and using Eq.(2), one can 
find the background in all the channels. The background in the last Shasnels 

was determined by successive approximations so that the experimental points would 
‘fit a straight line plotted in semilogarithmic coordinates. This proecture gives 
@ more precise determination of the background than the method described in Ref.7. 


6. Correction for Distortion of the Spectrum 


A true coincidence is recorded if the pulse due to the second Q-particle of 
a regular pair enters input II of the analyzer during the time T after arrival 
of the first particle pulse, triggering the analyzer. However, appearance of a 
background pulse before the pulse of the second particle of a regular pair will 
lead to recording of a background pulse. Let us agree, however, to consider such 
cases to be true coincidences but recorded in the wrong channel. In this case 
superposition of background pulses does not change the total number of true co- 
incidences but only distorts the exponential distribution. This distortion can 
be calculated. 
If a regular pair is emitted in the interval T, the probability of arrival 
of a coincidence pulse in the i-th channel is given by 
ata) D Naas ett 
5 tig elle 
By taking into account the possibility of arrival of background pulses, the proba- 
bility of recording of coincidences in the i-th channel will be given by 


i-1 m 
Bile Pu — 53.93) EG Sh Bie (3) 
j=1 


jit1 


where mis the number of channels, and g; is given by Eq.(2). The first term in 
this equation is the probability of recording a true coincidence in the i-th chan- 
nel in the absence of a background coincidence in any of the preceding channels; 

the second term is the probability of re- 
cording a background pulse in the i-th chan- 
nel when simultaneously with it there arrives 
in one of the subsequent channels a pulse 
from the second particle of the regular pair. 

It will be evident from Eq.(3) that the 
recorded distribution differs from the ex- 
ponential by increase in the number of counts 
in the first channels and decrease in the 
number of counts in the last channels. 

After introduction of the correction 
for distortion of the spectrum, we carried 
out graphic determination of the background 
in the last channels. The background in the 
+e ty iv. 47th channel was found to be equal to 2020 + 
bas of “gnttaoge! 0M 20164 + 20. The recorded exponential distribution 

fe Bits to” giving the period of Po215 with the correc- 
Fig.7. Time distribution of pulses tions allowed for is shown in Fig.7. 
due to Po215 q-particles relative Thus processing the experimental data 
to the pulses due to Q-particles of by the method of Peierls we determined the 
the parent substance. period and obtained 1778 + 2.0 psec. The 


N, 
10 
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uncertainty here is the root mean square error due to statistical fluctuations 
and the presence of background, which was also evaluated according ve Peierls. 
Possible systematic errors will be considered below. The decay period was also 
calculated by the method of Hole® with the same result. 


7, Measurement Errors 
For evaluating the systematic errors in determining the period of Po215 we 
must consider a number of different factors. 

Error in determining the background. The method of Peierls, which, as noted, 
was used for the calculations, is highly sensitive to the value taken for the 
chance coincidence background. Inasmuch as the value of the background was taken 
with an accuracy of within +20 counts for the last channel, this introduces an 
uncertainty of +1.6 usec into the measured decay period. 

Ambiguity of the correction for distortion of the spectrum and background. 
The accuracy in determining this correction was 5%. Taking the absolute value of 
this to be 7 usec, this leads to an additional uncertainty of +0.35 usec in deter- 
mining the decay period. 

Inaccuracy of calibration of the time scale of the analyzer. The sources of 
error here are inaccuracy of the process of calibration (+0.13 psec), instability 
of the shock oscillator (40.26 sec) and inaccuracy in determining the frequency 
of the quartz crystal oscillator (+0.03 usec). 

Influence of multiple differentiation in the amplifier on the counting rate 
of pulses due to daughter element Q-particles. In the common amplification chan- 
nel the pulses from the daughter element Q-particles can be superimposed on the 
overshoot or tail of the pulse triggering the analyzer. Such superposition is 
equivalent to displacement of the O-line relative to the gate of the differential 
discriminator and, consequently, leads to a different change in the counting rate 
in different channels of the time analyzer. To reduce the overshoot the ratio of 
the smallest differentiation constant of the intermediate circuit to the differ- 
entiation constant of the shaping circuit was taken larger than 104, In this 
case the distortion of the time analyzer spectrum should not exceed 0.02%, which 
corresponds to an error not exceeding 0.35 usec in determining the decay period. 

Such a factor as the scatter in the rise times of the pulses, which depends 
on the conditions of collection of the electrodes in the ionization chamber and 
on the properties of the electronic equipment, leads to an insignificant addition- 
al uncertainty as regards the boundaries of the time channels. This uncertainty 
under the given conditions could not introduce an appreciable error. 

Thus the total systematic measurement error should not exceed +3 usec. Hence 
the final value for the period of Po215 may be given as 1778 + 5 usec. 

A check for the reliability of the results obtained for individual channels 
in the absence of any other noticeable errors was carried out by the same proce- 
dure as used in the work of Dardel’”, Using the obtained number of counts in the 
second channel and the calculated value of the decay period there was found the 
theoretical exponential distribution for all channels. 

The ratios of the experimental to the theoretical values were plotted on a 
graph and it was found that all the points except those corresponding to the first 
channel fell on a straight line within the limits of the statistical fluctuations. 


Conclusions 


Let us evaluate the range in which the described set-u 
“up is suitable for de- 
termining lifetimes. The limitation on the side of short lifetimes is set by the 
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finite pulse rise time in the ionization chamber; evaluations from this standpoint 
show that the lower bound for measurable lifetimes lies somewhat below 107% sec. 
Of greater value would appear to be the possibility of measuring lifetimes of the 
order of a second. In working in this range it would be desirable to modify the 
equipment, namely, to use a 4x chamber with a film source and a time analyzer 
with an electronic commutator. Under favorable experimental conditions when the 
equipment can be set on the detected Q-line so as to insure 100% efficiency in 
recording, the only limitation imposed is that of an excessive measurement time. 

With increase in the number NV of disintegrations per unit time the counting 
rate N. of chance coincidences increases faster than the counting rate NV, of true 
coincidences. These quantities are related by the expression 


nezete ite 
fh Ns 
where /’is the time of one cycle of the time analyzer. It is expedient to take 
N./Nt not larger than 1. Thus the upper bound for measuring decay periods is de- 
termined by the time required to accumulate a sufficient number of counts. At 
any rate, it lies somewhere in the region of 1 minute. Thus, it is evident that 
periods of up to 10 sec can be measured with a high degree of accuracy. 

The potentialities of the described set-up are, in general, not limited to 
measurement of Q- coincidences. There should be no difficulty in providing chan- 
nels for detecting B-particles and y-rays. Thus, the possibility of simultaneous 
measurement of the energy of Q-emitters and the decay period provides a reliable 
method for identifying new radioactive isotopes. 

We desire to express our gratitude to A.V.Kulikov for a number of valuable 
suggestions and to Z.A.Isaeva for assistance in the work. V.V.Pashuk, graduate 
student at Leningrad Polytechnic Institute, participated in the measurements. 


"A.F. Ioffe" Physical-Technical Institute, 
Academy of Sciences of the USSR 


References 


1. G.E.Kocharov, A.P.Komar & G.A.Korolev, Zhur.eksp.i teor.fiz., 36, 68 
(1959). (Trans.Soviet Physics - JETP.) 

2. G.E.Kocharov & G.A.Korolev, Izv.AN SSSR, Ser.fiz., 25, 237 (1961). (Trans. 
Bulletin, 25, 227.) 

3. H.G.T.Moseley & K.Fajans, Phil.Mag., 22, 629 (1911). 

4. A.G.Ward, Proc.Roy.Soc., A181, 183 (1942). 

5. S.N.Nikolaev, Yu.M.Volkov, A.V.Kulikov & V.A.Kireev, Peredovoi nauchno- 
tekhnicheskii i proizvodstvennyi opyt, TsITEI (Advanced practice in technology 
and production, Central Institute of Information on Technology & Economics) , 
Theme 36, (1960). 

6. R.Peierls, Proc.Roy.Soc., A149, 467 (1935). 

7. G.Dardel, Arkiv fys., 2, 337 (1950). 

8. N.Hole, Arkiv fys., 3, 471 (1952). 


, (iemag. , 7m. 
Part inoxtoele oa OF 
i no tee ed mas toeegie 


Listiet © 3fno edd meres 

tr att gol eesetont aiirwW 
mebkortos onet, ss 

ts “anaup esadtT bes 


he beckerGund Wee 
has intreducel 
v2 sAi Yo olay emp 23.9mhf, Steal 
2 Es Saas aut? at 2 Tk Messy: 1 t: 8 re 4s? 
nb shanna or ot. herr Epes eatin 
im 3 ke smiipex sdf? mi evedwemps gekl Fi Ea 
0 ee aon See 2d 
‘ 8 Sc Gates hed 2 ' 7 
neha: piven word ay. va ese OEs > ow Bt Eats ya 7 
Seemed amas to yet litienca sal, aye? .agesry Bae esis 
ae ae £ tt a Tesh. od Aas axe — 


_ 


ic 


ss 


ex 


Meorssieetur acd, uch Sho, sete 8 #551 fiom ; 
GARtecet clmshale « tie - Tice meoly én ae 
OUR sesh Ast ere oct sath 08 tht 

AE COnHtant 4) (He 6 Rep ling «kit 

: “ : we ; ‘ 

sa SAE cinsorgtin why se Sa Bhs, xbowid not «gee 
oa Perry ge ther 


sag “ez <ae® A 

‘ =] 
e.) a ochaeal = = vei Sy eee 7 = 3 
P<) 7 a, | r 7 a - r Pe - i : 

7 . oe a - | _ 7 

7 pir Pp ¥ 

— < 
is se ~ _, 4 


— 


- 1203 - 


Bulletin of the Academy of Sciences of the USSR - Physical Series 
Vol.25, No.9 - September 1961 


Transactions of the Eleventh Conference on Nuclear Spectroscopy 
(Continued from Vol.25, Nos.2 & 7; 
to be continued in Vol.25, No.10 and Vol.25, No.1) 


Table of Contents Page 
Orig. Trans. 
Magnetic spectrometer for detecting internal conversion 
electrons from the (n,y) reaction - V.I.Pelekhov & A.F.Malov 1069 1077 
Investigation of the positron and conversion electron spectra 
of Tb152 - K.ya.Gromov, B.S.Dzhelepov, Zh.T.Zhelev & A.V. 


Kudryavtseva 1084 1092 
Internal conversion coefficients of some transitions in Yb?71 

- N.M.Anton'eva & B.S,.Dzhelepov 1088 1096 
Conversion electron spectrum of Tml65 — Kang Meng-Hua, K.Ya.Gromov, 

B.S.Dzhelepov, V.Zvol'ska & I.Zvol'skii 1092 1099 


Conversion electrons from the erbium fraction formed in spalla- 
tion of tantalum - A,A.Abdurazakov, K.Ya.Gromov, B.S.Dzhelepov, 


& V.A.Khalkin 1096 1103 
Decay scheme of Eul47 - 1I,vizi, K.Gromov, B.Dzhelepov, Zh.Zhelev, 
& Yu. Yazvitskii 1101 1108 


Investigation of the conversion electron spectra of neutron- 
deficient isotopes of erbium and holmium - K.Ya.Gromov & 


I.S.Dneprovskii 1105 1112 
Investigation of the radiation of Mn°6 — S.S.Vasil'ev, No Sen 
Ch'ang & L.Ya.Shavtvalov 1115 1122 


Properties of low-lying states of Li5 and Be8 evinced in disinte- 

gration reactions involving light nuclei - S.S.Vasil'ev, V.V. 

Komarov & A.M. Popova 1117 1124 
Electron-neutrino angular correlation in free neutron decay 

- V.V.Vladimirskii, V.K.Grigor'ev, V.A.Ergakov, D.P.Zharkov, 


& Yu.V.Trebukhovskii 1121 1128 
Remarks on the excited states of the odd-odd nuclei Hol® and 

Csl34 ~ L,.F.Kalinkin, A.S.Melioranskii & I.V.Estulin 1124 1130 
Levels in CuS4, excited in the Ni64(p,ny)CuS4 reaction - A.K. 

Val'ter, I. I.Zalyubovskii, A.P.Klyucharev & V.A. Lutsik 1127 1133 
Polarization of the y-rays from the 8i30(p,y)P31 reaction 

- P.M, Tutakin 1131 1137 
Levels excited in the F19(@,p)Ne22 reaction - A.M.Romanov, E.V. 

Myakinin & M.P.Konstantinova 1135 1140 
Spin and parity assignments for some states of Cd112, Sn118 and 

Sn120 _- 0.F.Nemets & V.V.Tokarevskii 1138 1143 


Angular distribution of photoelectrons ejected from Ag and Bi 
targets by Cs137 y-rays - K.K.Aglintsev, V.V.Mitrofanov, 


A.A. Rimskii-Korsakov & V.V.Smirnov 1141 1146 
Excited states of Li’ with energies up to 9 MeV - V.G.Shevchenko 
& B.A. Yur'ev 1146 1151 


On the influence of collective excitations of the superfluid phase 
in nuclei on the nuclear moments of inertia - B.B.Dotsenko 1149 1154 


- 1204 - 


Pair correlations and single-nucleon reduced level widths in 
nuclei - V.B.Belyaev & B.N. Zakhar'ev 

Probabilities for E2 and El transitions from some excited levels 
in Tb159, Hol65 and Tml69 - V.I. Popov 

On the possibility of determining reduced widths from polariza- 
tion effects in direct nuclear reactions - G.L.Vysotskii 

Rotational states of nonspherical even-even nuclei - V.I.Belyak 
& DA. Zaikin 

On collection excitations in nonspherical nuclei - Yu.T.Grin' 


& D.F. Zaretskii 

Investigation of the decay scheme of Eul45 — yu.A.Aleksandrov & 
M.K.Nikitin 

Quadrupole moments and isotope shifts of barium isotopes - 
N.I.Kaliteevskii, E.E.Fradkin & M.P.Chaika 

Generator of short light pulses - G.S.Vil'dgrube, Yu.A. Kolosov 
& Zh.M.Ronkin 

Light-pulse characteristics of louvre type photomultipliers - 
G.S.Vil'dgrube, N.K.Dalinenko, N.V.Dunaevskaya & Zh.M.Ronkin 

Numbers of photons per decay of Cel44 and Eul5S — A.N.Silant'ev 
& B.S.Kuznetsov 

Use of an ionization Q-spectrometer with a time analyzer for 
determining decay periods - Yu.M.Volkov, A.P.Komar, G.A, 
Korolev & G.E.Kocharov 


P°c°°°.,F—K\KXK\K\w SSS 
Translated in 1962 by 
Columbia Technical Translations 


5 Vermont Ave., White Plains, N.Y. 


1152 


1156 


1161 


1163 


1169 


1176 


1178 


1180 


1183 


1186 


1188 


1157 


1160 


1166 


1168 


1174 


1181 


1183 


1185 


1188 


1191 


1193 


, 


Transactions 
of the th 
_ Eleventh Annual Conference on Nuclear Spectroscopy 


(Riga, 25 January - 3 February, 1961) 


{Continued from Vol.25, Nos.2,7 & 9) 


—= 


wwe Tee 


- 1207 - 


INVESTIGATION OF THE PROPERTIES OF STRONGLY DEFORMED NUCLEI ON THE BASIS 
OF A NUCLEAR MODEL TAKING INTO ACCOUNT PAIR CORRELATIONS 


- V.G.Solov'ev 


The mathematical methods developed by Bogolyubov1 in constructing the theory 
of superfluidity and superconductivity can be extended to a number of other fields. 
In particular, they allow of solving the problem of taking into account residual 
interactions of fermions, leading to pair correlations, as a many-body problem. 
The application of these methods to nuclear theory proved to be extremely fruit- 
ful inasmuch as pair correlations of nucleons are clearly evinced in nuclei. 

The long-range part of the forces is responsible for the average field of the 
nucleus, which is fundamental to the independent particle model. The short-range 
part of the forces leads to formation of pair correlation of nucleons. Taking 
these short-range forces into account leads to a better insight into the proper- 
ties of nuclei than was afforded by the shell and unified nuclear models. 

It is known that residual interactions between nucleons of the superconducting 
type cannot be included in the self-consistent potential. This fact was clearly 
demonstrated in Ref.2, where the self-consistent field was explicitly defined. We 
note that no modifications of the potential well can lead to the appearance of the 
effects that are yielded by short-range pair forces. 

Investigations3-8 of interactions of the superconducting type made it possible 
to explain a number of properties of nuclei, which could not be interpreted in the 
framework of the independent particle model. On the basis of such investigations, 
one can regard as proved that residual short-range forces between nucleons are at- 
tractive forces and that the ground state of any nucleus is the superfluid state. 
This state is energetically more advantageous than the state with successive fill- 
ing of levels of the independent particle model. We note, as was shown in Ref.9, 
that the ground state of a light nucleus is a state with quadruple correlation of 
the nucleons. 

The properties of the ground state and the superfluid excited states of a nu- 
cleus exert a great influence on a number of nuclear processes. These properties 
must be taken into account in investigating nuclear structure and in studying nu- 
clear reactions. 

In the present work, on the basis of the "superfluid nuclear model" formulated 
in Ref.10, we investigate the properties of strongly deformed nuclei. In the first 
part of the paper we briefly formulate the basic premises underlying this model, 
discuss the basic regularities involved and give the general results of calculation 
of the level spectra of even and odd systems, as well as the corrections to the 
probabilities for B- and y-transitions. In addition, we give the initial premises 
for carrying out detailed investigations. In the second part of the paper we con- 
sider the properties of strongly deformed nuclei in the 174 << A 188 region on 
the basis of the proposed model. 


I. Basic Regularities of the "Superfluid Model" 


1. Fundamental equations 


The significant features of the proposed nuclear model are the following. 1° 
The model, while based on the average field of the shell or unified nuclear model, 
takes into account short-range forces leading to pair correlations under the fol- 
lowing assumptions. 

1. The residual interactions both between neutrons and between protons are 
described by a Hamiltonian of the form 
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léh = =) {E,(s) — dX} TPN ot G > iarmeass (1) 
2. The calculations are carried out for each given nucleus neglecting the 
fact of averaging connected with conservation of the number of particles on the 


average: 


— i Canvas. (2) 


3, The basic equations are found by means of the variational principle of 
Bogolyubovll; for the ground state, as well as for the excited states of the nu- 
cleus, there are obtained separate sets of equations, which characterize the pro- 
perties of the superfluidity of these states. The influence of their excitation 
on the superfluid properties of the system has come to be called the blocking ef- 
fect. 

The most important distinctions of the given model as compared with earlier 
treatments of pair correlations3-6 are a) taking into account changes in the super- 
fluid properties of the nucleus in going from the ground state to excited states, 
and b) conservation of the number of particles on the average. We note that in 
the initial formulation of the properties of superfluidity3-© the number of par- 
ticles was not conserved even on the average. 

The difference between the results of investigation on the basis of the pro- 
posed “superfluid model” and the results of investigation on the basis of the ini- 
tial formulation of pair correlations is most significant in the region of strong- 
ly deformed nuclei. 

We described the state of the nucleon by the set of quantum numbers (ss), de- 
termined by the form of the average field; 6 = +1; degenerate states differing as 
regards the sign of o are conjugate with respect to the operation of time reversal; 
a’ and d,, are the nucleon creation and annihilation operators, E,(s) is the single 
particle energy in the state s of the average field, 4 is a parameter that plays 
the role of the chemical potential, and nis the number of nucleons in the system 
under consideration. We regard the matrix element of the pair interaction G to be 
constant in view of the short range of the forces leading to pair correlation. 

As in Refs.5 & 12, let us deduce the equations, wave functions and energies 
of the ground and excited states of even and odd systems. Inasmuch as in Eq. (1) 
there is contained part of the interaction making a contribution to the average 
field, we carry out the renormalization 

E (sy Bg (s) 24-08. (3) 
2 

Let us write out the wave functions, energies and basic equations describing 
the properties of superfluidity of nuclei. 

Ground state of an even system. 

The wave function is 


Y= |] @,+ vasiag) V,; (4) 
the energy is 
2. aft F(A 3 eae 
: ~ °) {! VO+[E@)— a Gi ie 


the equations for determining C and i are 


ae 
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VC+{E(s)— ip? 


= 2- yerbgig) 


VC? + [E(s) —iP 


where 


Gage 0,0 Uy z{! 7 eS)iah \, 
VC + [E(s) AP 


2 {1 — B(s)—i 
2 VO + [E(s)—4P 


Two-quasiparticle excited states of an even systen. 
The wave functions are 


+ 
aT (Sas Sy) = Caea es. II (Us (S1, Sg) + v, (S1, So) asiae ) Po, (s1 =F Se), 


S#81, Se 


F(s1s $1) = (Ua, (S15 $1) AOE — v4, (81, 81)) T] (us (81, 81) + 26 (51, 51) ada) Vo; 
8 +S; 


the energy is 
= G 
6 (81, So) = E (sy) + E (se) + <% 
S#381, Se 
the basic equations are 
2 1 
z- 2 


seen, sy VE (Ss, 82)? + {E(s) —WSr, ye” 


= EB (s) = ny (s1, Sq) 
n=2-+ | a eo 
mete VC (s1, 82)? + [E (s) — A (81, S2)]? 


One-quasiparticle ground and excited states of an odd system. 


The wave function is 


Y (s)) = ait, I] (us (si) + v6 (si) astas) Vy; 
i785 
the energy is 
C (s.)2 
8 (si) = E (si) + $05,(si) + 3 Els) v6(s)? ——S; 


8 #8; 
the basic equations are 


= >, 1 


o46, V C(s,)?+ [BE (s)— (5) 


E(s)—4(s,) 
Seen’ J f VCP ES) —Apr |” 


Three-quasiparticle excited states of an odd system. 


The wave function is 


+ 
oc (si, So, S3) = a II (Us (Si, Se, 53) ste Vs (S1, $2, S3) asias-) Po (Si + 82 =F $3); 


SS, S2, Ss 


the energy is 


(Ys, (S1, Sa)” + Ve, ($1, $2)) + >; E (s) 0,54, So)" pega : 


(6) 
(7) 


(8) 


(8') 


(12) 


(13) 


(14) 


(15) 


(16) 
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6 (81, S2, $3) = E (S14) + E (Sg) + E (83) + = (Us, (S1, Se, Ss)? + V¢, (Si, Se, Ss)? 


{ 2 C ( » §2, §, é 5 (17) 

+ v0, (51, 59 85)*) + Dd} Es) 2 (81, 84, 5)*— See 
S#8,, So, S3 

the basic equations are 
7 ae «, VE (su 82, 83)*+ [E (8) — 4 (4, 82, 85)]?” 

E (s) a ny (si, So, 83) 

nd ss {! (19) 

rs a Vc (s1, So, 83)? -— [E (s) —— (si; S89, Ss) ]? 


S81, Se, Sg 


For determining the principal characteristics of superfluidity of the above 
listed states, i.e., the correlation functions C and the chemical potentials i, 
we solved, as in the work of Refs.12 & 13, the corresponding sets of equations 
with the aid of a computer. 

In the calculations, described in the first part of the article, for the lev- 
els of the average field we took slightly corrected energy values for the levels 
of Nilsson's schemel4, while in the calculations in the second part we used the 
experimental data on single-particle levels of odd nuclei. 


2. Pairing energies and single-particle levels of odd nuclei 


The general regularities governing the behavior of single-particle levels of 
odd nuclei in the "superfluid model" were investigated in Ref.10. A more detailed 
investigation of the spectra of the transuranium elements was carried out in Ref. 
12, and of the odd rare earth elements in Ref.13. The energies of the single- 
particle levels in Nilsson's scheme, given in Ref.15, were somewhat corrected by 
application of the corresponding parameters on the basis of analysis of the ex- 
perimental data on odd nuclei and taking into account the influence of superfluidi- 
ty. The corrected energy values for the single-particle levels are close to those 
given by Nilsson & Prior® except for the "/.- [505] state in the neutron systen, 
which in our case is located about 0.3 fiw) lower than in Ref.8 (hwo = 41A-1/, MeV) . 
The influence of superfluidity on the behavior of single-particle levels in odd 
nuclei amounts essentially to the following. 

1. Superfluidity does not lead to change in the spin of the ground state of 
the nucleus given by Nilsson's scheme, except in cases when a hole level is very 
close to the K level (Kis the last filled level of the nucleus according to the 
independent particle model, i.e., with G = 0). 

2. With increase of the pair interaction constant G,the excitation energy 
decreases. 

3. Hole and particle levels behave differently with increase of G, however, 
the sequence of hole (particle) levels (relative position of the levels) remains 
the same. 

4. Compression of the excitation spectra for a given G as compared with the 
G= 0 case occurs nonuniformly. Thus, at values of G found from experimental data 
on pairing energies, for levels lying below 0.5 MeV the excitation energies change 
by a factor of about 3; for levels up to 1 MeV they change by a factor of about 
2; for higher-lying states by about 1.5 


We write the energy difference between a given excited state s, and the ground 
state s, in the form 


Pe ee 


ek oaks 


where 


SoulSede== VaClSa) aH LES) (on) 


It can readily be seen that if C and A are the same for both the states, 
their energy difference equals Es; (So) — &s, (So) (neglecting the small correction con- 
nected with renormalization of the average field). In this case, among the ex- 
cited states of a system consisting of an odd number JN of particles, there are 
states corresponding to N — 2 particles if A<K and N+ 2 particles if A al 

The pair interaction constants for a neutron system (Gy) and for a proton 
system (Gz) can be determined from the pairing energies: 


Pu = 26 (Z, N—1)—8(Z, N)—8@(Z, N—2). (21) 


From comparison of the calculated values of the pairing energies with the experi- 


mental data there were obtained the following mean values of the pair interaction 
constants: 


a) Gy =0.024 ho,, Gz=0.026 ha, (region of rare earth elements}3) , 


b) Gy=0.020hw,, Gz=0.022hw, (region of transuranium elements12) , 

We note that the values of the pair interaction constants depend on the nun- 
ber of ‘levels over which the summation in (6) & (7) and (14) & (15) is carried 
out (in the computations in Refs.12 & 13 there were used 24-28 levels). Analysis 
shows that the physical properties of the system virtually do not depend on the 
number of levels over which the summation is carried out provided this number ex- 
ceeds 10-12 both above and below the K level. Hence to obtain more reliable re- 
sults the number of levels summed over was increased to 36, which led to some de- 
crease of the constants Gy and G;z.* 

In Refs.12 & 13, there were calculated the energies of the single-particle 
levels of odd nuclei; the calculated excitation energies proved to be in better 
agreement with the experimental data than the values deduced from Nilsson's 
scheme. However, in view of the strong dependence of the energy of the levels 
in odd nuclei on the behavior of the energy levels of the average field, primary 
attention was turned to investigation of the density of the single-particle lev- 
els. It was shown1l2,13 that in the region of both rare earths and transuranium 
elements the density of low-lying levels, obtained by calculation, agrees with 
the experimental data and is about twice the value of the density given by Nils- 
son's scheme. We note that the effect of increase in the level density is con- 
nected with the properties of superfluidity of the ground and excited states and 
cannot be obtained by changing the position of the single-particle levels in the 
independent particle model. 

In the excitation spectrum of an odd system, in addition to one-quasiparticle 
levels, there should also be observed three-quasiparticle levels, the excitation 
*The expediency of increasing the number of levels in the summation was 

brought to my attention by Dr.Nilsson, whom I take this opportunity to thank. 
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energy of which is somewhat higher than the excitation energy of an “bes nea 
However, in the case when there is one particle and one hole level c ae - ie 
K level, i.e., close to the point of intersection of the three ey the ye 
age field, the energy of the three-quasiparticle state K— 1, ey 1, Kis strongly 
reduced. This is connected with the fact that in the K —1, KK +1 state the 
superfluidity of the system is close to zero, and the energy difference in the 
ie a Kk —1 states is small. 

ieaeke of example let us consider the case of Dyi61, «If the "4/2 [505] level 
is located 0.3 hw, lower than in Nilsson's schemel5, then the K, K —1 and K + 1 
levels will be °/2* [642], 3/.-[521] and */2- [523], respectively, and the separation be- 
tween the hole and particle excited states in the level scheme of the average field 
will be ~0.2 MeV. Evaluations show that the three-quasiparticle states 3/,+, “/2* 
and 13/,+ must have an energy of the order of 1 MeV. We note that experimentally 
these levels are most easily detected by the method of Coulomb excitation of Dy1l61, 
inasmuch, as it will be shown below, in B-decay they can be populated only in the 
case of transitions from those two-quasiparticle states in which the quasiparticles 
are located in any two of the three states K —1,K and K + 1. 


3. Superfluidity properties of an even system 


The advantages of the "superfluid model’ as compared with the unified nuclear 
model are evinced particularly clearly in investigating the properties of even- 
even nuclei. The spectra of single-particle levels of even-even nuclei, calcula- 
ted in Refs.10, 12 & 13, illustrate the basic regularities in the behavior of the 
levels of these nuclei and as a whole agree with the corresponding experimental 
data. We note that in the "superfluid model” the number of particles is conserved 
on the average and all the calculated excited states pertain to one and the same 
system of particles. In contrast, in the initial treatment of pair correlations3~9 
among the calculated excited states of the system, which in the ground state com- 
prises NV particles, there are present levels corresponding to systems consisting 
of N —2,N and N + 2 particles. 

The change in the positions of the levels in an even system with increase in 
G,as calculated on the basis of the "superfluid model” differs from the change 
in the position of the levels calculated according to the initial treatment of 
pair correlations3-5, Whereas the energy of the ground state with increase of G 
decreases in both cases according to the same law, the energies of the excited 
states behave differently. According to the initial treatment3-5, the energies 
of the excited states increased as compared with their values for G = 0, and the 
difference between the excited and ground state energies is always greater than 
the width of the energy gap 2C. In the "superfluid model" the energies of the ex- 
cited states decrease with increase of G relative to their value at G= O, and the 
degree of decrease depends on the change in the properties of the superfluidity of 
these states as compared with the ground state. The excitation energy of one, and 
in a number of cases, of several states calculated on the basis of the "superfluid 
model" takes on values that are smaller than the width of the energy gap (2C). 

In Ref.12 it was shown that in the exciteq K,K +1 state of an even system, (i.e., 
in the state where one quasiparticle is on the K level and the other on the follow- 
ing higher level K +1 the role of pair correlations greatly decreases, and the 
excitation energy is always less than the gap width 2C. The diminution of super- 
fluidity in this state is connected with the fact that in view of the Pauli exclu- 
Sion principle the correlated pairs cannot occupy the K and K + 1 levels and hence 
in states available to the pairs there is evinced a wider gap,in the case of strong 
ly deformed nuclei. Inasmuch as below this gap the number of states is equal to 
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. the number of particles and in view of kinetic energy considerations it is dis- 


, advantageous for the pairs to occupy the K +2 and higher states, the superfluidi- 


ty in the excited K, K +1 state is strongly reduced. The fact that the K,K+1 
states sink below the energy gap is substantiated by calculations of the spectra 
of more than ten different even-even nuclei and is in good agreement with the ex- 
perimental data. In fact, the agreement of theory with experiment as regards the 
decrease in the energy of the K,K +1 level to below the energy gap is one of 

the most significant confirmations of the initial premises of the "superfluid 
model'' and is one of the advantages of this model in considering strongly deformed 
nuclei as compared with the initial treatment of pair correlations. 


4, Correction for superfluidity and supplementary classification 
of B-transitions 


On the basis of the "superfluid model" one can take into account changes in 
the structure of the nucleus as a many-body system in B- and y-transitions of cer- 
tain nuclei. It was shown in earlier papers!9,12 that the role of superfluidity 
corrections to the probabilities for B- and y-transitions in strongly deformed nu- 
clei is very important. In the present section we shall formulate the general 
rules for introducing corrections to B-decayl6, connected with superfluidity of 
the nucleus in the ground and excited states and shall carry out classification1l6 
of the probabilities for B-decay of strongly deformed nuclei in supplement to 
Alaga's selection rules. The role of the corrections for superfluidity will be 
investigated in the second part of the article by analysis of the log ft values for 
B-transitions between like pairs of single-particle states in different nuclei. 

We write the matrix element describing B-decay of a complex nucleus in sym- 
bolic form: 


M~ Pony Pang ae (Sq) > <v | i | v’» iat Soap ree (S14) = (Se | ib isa) Ls (22) 


Ve vO 


here <s,|['\s,> is the single-particle matrix element of the transition and L = 
<= BE clean) CV end Vamp) where Vy is the wave function of the system NV particles. We 


obtain the values of /t characterizing the B-decay in the form 


ft const = 


ai GaArs pm 2 (23) 


here we write /? in the form 1?=RzRy=R. The quantities /; and Ry characterize 
rearrangement of the nucleus incident to the B-transition,; the former pertains to 
rearrangement of the proton system; the latter to rearrangement of the neutron 
system. We shall consider the proton and neutron systems separately. Let us find 
R, (i.e., Rz or Ry) for B-decays involving any number of quasiparticles in the 
initial and final states, except for the cases when there are two quasiparticles 
on one and the same level. We write 


Ri=% il (uu; + nee (24) 


S#f; yore fk 


- where the functions u, and v, pertain to the initial state, and the functions u,; 


ae Ny eR 


and v, to the final state. In the product II (gett vv.)2 there are no factors 
s#f; pees fh 


corresponding to the level on which there are quasiparticles, and this product is 
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the more similar the properties of the superfluidity of the ini- 
tial and final states. In the initial formulation3-5 of pair correlations this 
product was assumed equal to unity. Further, if the number of paired particles 
in the initial and final states is the same, as obtains, in the case of 
108+1yy7 F181 _ 108.4181 B-decay, y = Ui, while if the number of paired nucleons changes 

te ee 11077188 _ 108-+1 47183 » J gel be s 
in the process of decay, as in the ».j;Ta~ — ~4,W case, then ,=v; ; here / per 
tains to the level on which the quasiparticle disappeared or appeared. The func- 
tions u? or v} in (24) characterize the properties of superfluidity of the system 
with the smaller number of quasiparticles. Thus, for example, in B-decay of an 
odd system to the ground state of an even system u; and v; pertain to the even 
system, while in B-decay of a one-quasiparticle odd state to a two-quasiparticle 
excited state v; and uj; pertain to the odd system, and so on. 

Let us consider the case when the pair interaction constant G tends to zero, 
i.e., when the "superfluid model" transforms to the independent particle model. 
Then the correction R, takes on one of two values, namely, FR; = 1 or R,= 0; the 
former corresponds to the case when B-decay occurs without change in the position 
of all the nucleons except one, while the latter case corresponds to B-decay with 
change in the position of more than one nucleon in the independent particle model. 
For B-decay in which the number of pairs remains unchanged R; = 1 for particle 
transitions and R; = O for hole transitions, while for B-decay in which the num- 
ber of pairs changes by one, RA; = 1 for hole and fi; = 0 for particle transitions. 
Under “particle transitions'' we understand transitions in which a quasiparticle 
appears or disappears on single particle levels / with an energy greater than j, 
pertaining to the system with the smaller number of quasiparticles. For hole 
transitions the energy of the single-particle levels f is smaller than i. Let us 
now carry out a classification of B-transitions in strongly deformed complex nu- 
clei, supplementary to the selection rules of Alaga formulated in Ref.15. We di- 
vide all B-transitions into three groups; 


closer to unity, 


first group: R,;=1(G=0), 0<R,<1 (G0); 
second group: #;=0 (G=0), 0<Rj;<1 (G0); 
third group: AR,;=0 (G=0), R,=0 (G+ 0): 


In the first group we put 

a) B-transitions, the initial and final states of which are the ground states 
of the respective systems, 

b) particle transitions involving no change in the number of pairs, and 

c) hole transitions with change in the number of pairs by one. 

We note that the 1060.1 keV B-transition to the 7/:- [503] state of Hf177 ana 
the 1226.7 and 1045.5 keV B-transitions to the 9/2 [505] and 7/27 [503] states of 
ik detected by Harmatz et all7, and other similar transitions belong in group 

In the second group we classify 

a) hole transitions involving no change in the number of pairs, and 
: b) particle transitions in cases when the number of particle pairs changes 

y one. 

For B-transitions classified in group 2, the "superfluid model" gives non- 
zero transition probabilities, whereas these transitions are strongly forbidden 
according to the independent particle model. We note that the corrections R; 
calculated on the basis of the "superfluid model" for B-transitions to Lowa 
States (€0.3 MeV) are of the same order of magnitude for transitions of Hee 


ee een Peg et SS 
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and second groups; in the case of transitions to high-lying states (21 MeV) there 
,/@appears an appreciable difference between the corrections for transitions of the 
first and second groups. 

Analysis of the available experimental data shows that there are more than 
twenty reliably established B-transitions that can be classed in the second group. 
For example, decay of Tal77 to the 5/:-[512] state of Hf177, B-decay of H£181 to 
the 4/2* [411] state of Tal81 and decay of W187 to the 1/,+ [411] state of Rel87 are 
all transitions belonging to the second group. In fact the experimental detection 
of B-transitions belonging to the second group is evidence of the superiority of 
the superfluid model" over any independent particle model and is yet another sub- 
stantiation of the existence of significant short-range pairing forces. 

Whereas in the first and second groups we have B-transitions in which only 
one quasiparticle appears or disappears in the proton (or neutron) system and the 
position of the other particle remains unchanged, in the third group we classify 

a) transitions involving change in the number of quasiparticles in the pro- 
ton (or neutron) system by more than one, 

b) transitions where in addition to the change in the number of quasiparticles 
by one there occurs a change in the position of some of the other quasiparticles. 

The "superfluid model" is a nuclear model of independent quasiparticles; con- 
sequently, in the framework of this model transitions involving rearrangement of 
the quasiparticles are rigorously forbidden. It is of interest to investigate the 
question of the degree of forbiddenness of transitions classified in the third 
group. It is probable that they are greatly retarded as compared with transitions 
in the first and second groups. For determining the degree of forbiddenness of 
B-transitions classed in the third group one should experimentally investigate the 
possibility of B-transitions of one-quasiparticle states of an odd system to such 
two-quasiparticle excited states of an odd system where all three quasiparticles 
will be located on different single-particle levels. 

The above supplementary classification of B-transitions proved to be useful 
in identifying excited states of odd nuclei and in analysis of the levels in even- 
even nuclei. For rough evaluation of the retardation of B-transitions in odd nu- 
clei in Table 1 we give the averaged values of v., characterizing this retardation 
as a function of the excited energy of the odd system (which should be reckoned 
from the K level); we have taken into account the increase in the level density 
in the given nuclear model as compared with the independent particle model. 


Table 1 
. Sethe cet 
Values of 1%; 
a i a et eS RR oe Ss a ae 
Hole states Particle states 
e S84 
2,0 MeV | 1,0 MeV | 0,5 MeV 0,5 ev | 1,0 MeV | 2,0 MeV 
vw ee 0. | 0,90 |0,50| 0,45 oe. | 0,02 


The importance of taking into account corrections for superfluidity where y- 
transitions are concerned was emphasized in Refs.10 and 12 and in a number of other 
contributions. The rules for calculating superfluidity corrections to y-transi- 
tions are similar to those for B-decay. We can represent the correction to an 
electromagnetic transition in the form 


R,=7% ll (up vg.)*, (25) 


s#hi, wees ik 
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oe 1 = [pl n.0n) tie: feet) aoa ae (26) 


eee 
if the number of quasiparticles in the initial and final states is the same, and 
1 = (44h — WHUp)”> (27) 


if the number of quasiparticles changes by two in the transition. The quantities 

u; and 2, entering into y, pertain to single-particle states in which there appear- 
ed or disappeared a quasiparticle, and belong to the systems in which thexe is no 

quasiparticle on these levels. As regards the behavior of R,, in the limit as 

G +0. as in the case of B-decay, there is introduced a supplementary classifica- 

tion of electromagnetic transitions, the utility of which is now being evaluated. 


5. Basic premises for carrying out detailed calculations 


In the work of Refs.10, 12 & 13, there were carried out calculations of the 
characteristics of the ground and excited superfluid states of even and odd sys- 
tems. On this basis there were computed the spectra of single-particle states of 
most odd and a number of even-even strongly deformed nuclei, as well as the cor- 
rections to the B- and y-transition probabilities. In these papers there was il- 
lustrated the necessity of taking into account the superfluid properties of nuclei, 
inasmuch as the determined regularities characterizing the behavior of complex nu- 
clei agree with the available experimental data. It was also shown that the spe- 
cific attributes of the ‘superfluid model" are particularly important in the case 
of strongly deformed nuclei, i.e., for the corresponding case of the density of 
single-particle levels of the average field and the values of the pair interaction 
constants Gz and Gy. 

Let us consider the question of what limits the accuracy of calculations and 
whether one can on the basis of the “superfluid model" investigated not only the 
general regularities in the behavior of nuclei but also the specific properties 
of each particular nucleus. Let us also evaluate the reliability and definite- 
ness of such calculations. Inasmuch as in the “superfluid model" the number of 
particles is conserved on the average, in calculating the characteristics of 
superfluidity of each state there was simultaneously computed the root mean square 
fluctuation in the number of particles An. Analysis showed that the error in- 
volved in assuming conservation of the number of particles on the average, i.e., 
of the ratio An/22 (where 2 is the number of summed over levels) nowhere exceeds 
5-6% and in most cases amounts to only 2-4%. 

The superfluidity properties of a system depend greatly on the behavior of 
several levels of the average field near the K level and on the magnitude of the 
pair interaction constant G. Our earlier calculations were based on slightly cor- 
rected energy values for the single-particle levels in Nilsson's scheme, which 
does not in all cases give the correct level sequence and, particularly, the sepa- 
ration between levels. Hence the accuracy of the calculations was limited not by 
the accuracy with which the number of particles on the average is actually con- 
served, but by the rough description of the behavior of the levels of the average 
field. Thus the calculations suffer from the shortcomings, first, inherent in 
Nilsson's scheme itself, second, those connected with imperfect knowledge of the 
parameters of equilibrium deformations, and, third, those associated with failure 
to take into account variation of the average field of the proton (neutron) system 
with increase (decrease) in the number of particles in the neutron (proton) system, 
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etc. Thus the basic premises for detailed calculations must be formulated so as 


, to exclude to the greatest degree possible indefiniteness and inaccuracies con- 


ae with inadequate knowledge of the levels and wave functions of the average 

Accordingly, we shall carry out detailed calculations of the properties of 
superfluidity of strongly deformed nuclei and -thus determinations of the excita- 
tion spectra of even-even nuclei, corrections to the B- and y-transition proba- 
bilities, moments of inertia of the ground and excited states and other effects 
according to the “superfluid model" on the basis of experimental data on the 
single-particle levels of odd nuclei and pairing energies. To this end we must 
modify the position of some of the levels close to the K level in Nilsson's scheme 
and choose the pair interaction constant G so as to obtain a spectrum of single- 
particle states in odd nuclei and pairing energies in agreement with the experi- 
mental data. Inasmuch as we shall take the position of several levels close to 
the K state in accord with experiment, and the position of the other levels virtu- 
ally does not influence the superfluidity properties of the system, the calcula- 
tions in which wave functions are not used do not depend on the specific choice 
of the potential of the average field. Thus the calculations of the relative 
quantities which depend only weakly and indirectly on the parameters of the aver- 
age field are free of the shortcomings connected with poor knowledge of the para- 
meters of the average field, equilibrium deformations and the like. The princi- 
pal shortcoming and main limitation as regards the accuracy of the calculations 
by the proposed method is that we do not take into account the change in the aver- 
age field for neighboring nuclei, inasmuch as the same conjunction or set of 
Single-particle levels must be used for calculating the characteristics of the 
superfluidity of a number of nuclei. However, with this approach it becomes pos- 
sible to investigate the changes in the average field in going from one nucleus 
to another. 

We note that with the given system of levels of the average field and the 
fixed value of the pair interaction constant, the calculations based on the “super- 
fluid model" are entirely unambiguous. This formulation of the problem, in which 
the same set of single-particle levels is used for calculating the properties of 
a number of nuclei, completely eliminates any element of adjustment or fitting of 
the results of calculation to experiment. 


II. Investigation of the Properties of Strongly Deformed 
Nuclei in the 174 ¢ A < 188 Region 


1. Choice of single particle levels and pair interaction constants 


In accord with the calculation program formulated above, we choose one set 
of single-particle level energies and one pair interaction constant for all neu- 
tron systems in the 102 € N < 112 region and for proton systems in the 70< Z << 76 
region. In Table 2 we list the relative positions of the six most important single- 
particle levels in the proton and neutron systems. 

Inasmuch as the pairing energies in the region under consideration, given by 
experiment, change from nucleus to nucleus, we carried out rather rough averaging 
and after appropriate calculations obtained the following values for the pair in- 
teraction constant: 


Gy = 0.020fit, ~ 0.145 MeV = 22 MeV, 


° 2.8 (28) 
Gz == 0.021hw5 aw 0.152 MeV ee MeV 
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for the proton pair interaction constant Gz 
in the equations for determining C and A was 


carried out over 36 single-particle levels. With increase in the number of sum- 
med over levels the values of the pair interaction constant in the given nuclear 


region decreased from Gy = 0.023 ho, to Gy = 0.020 io, and from Gz = 0.025 hwy to 


Gz =0.024 ha) » 48 compared with the values given in Figs.2 and 3 in Ref.13. ee 
ever, despite the decrease of the constants Gy and Gz, the values of the corre ; 
tion functions C and C(s,) on the average did not change as compared with the values 
The values of the correlation functions of the proton system are 


C (Sx) 


It is possible that the above value 
is an underestimate. The summation 


given in Ref.13. 


=~0.65. In 


virtually constant in the 70<¢ Z < 76 region: C ~ 0.114 fia, and 


the case of the neutron system, the value of the correlation function increases 


° C (Sx) 
in going from N = 102 to N = 112 by about 15%: C~0.13id,; the ratio 7 =z (aie 
fabless 
Single particle levels of the average field 
Neutron system Proton system 
; Level as—| Energy 7 Level as—| Snerey 
M signment Ii signment | h ®, 
ala J 7 = F99Q | 
103 Dar yl O 67 PCRS [523] | 0) % 
105 2 y= {514} 0,04 69 Vat [411] 0,07 
107 9/o+ [624] 0,12 71 9/5- [514] 0,17 
109 Ue fotol 0,19 73 7/+ [404] 0,18 
111 ee Oa 0,26 75 5/y+ [402] 0,30 
113 7f- [503] 0,30 77 1/+ [400] 0,39 


The choice of a single set of levels of the average field and of one value 
of G for a comparatively extensive group of nuclei is in the nature of an approxi- 
mation, inasmuch as in the given nuclear range the behavior of the levels of the 
average field, the equilibrium deformation and the pairing energies vary. This 
was done mainly in order a) to minimize arbitrariness in calculating the spectra 
of even-even nuclei and b) to exclude the influence of the average field for con- 
parison of relative values of log ft for B-transitions and for finding log ft for 
transitions in even nuclei on the basis of the experimental data for odd nuclei. 
This choice of a single set of levels and one pair interaction constant was also 
dictated by the fact that the single-particle levels of odd nuclei are not known 
with a sufficient accuracy to allow of separating the groups of nuclei into sub- 
groups corresponding to different single-particle level schemes. 

Calculations based on the assumed scheme of single-particle energies of the 
average field and chosen values of G lead to relatively good prediction of the be- 
havior of levels in odd nuclei, except for the change in sequence of the */2+ [404] 
and °/s [514] levels in some odd-Z nuclei. It is possible that these two levels 
do not intersect in the given nuclear region but are very close to each other; in 
this case superfluidity leads to the situation where the energy of the hole state 
will be lower than the energy of the state with a quasiparticle on the K level. 


Undoubtedly, further experimental studies are necessary to clarify the behavior 
of these levels. 


oe ee te de sell Meee > 


= ZO) 


2. Analysis of B-transition probabilities 


The purpose of the present section is, on the one hand, to clarify the role 
of superfluidity corrections to the B-transition probabilities and, on the other 
hand, to explain the changes in the experimental values of log ft for transitions 
between like single-particle states in different nuclei and calculate the log fi 
values for B-transitions in even nuclei on the basis of the experimental data on 
B-transitions in odd nuclei. In order to exclude to the greatest extent the in- 
fluence of the average field, let us analyze the values of log ft for B-transitions 
between pairs of like single-particle states in different nuclei. Obviously, in 
such a transition the influence of the single-particle matrix element ¢si\T'|s2> on 
the relative values of log/t is not completely excluded inasmuch as in going from 
one nucleus to another the average field changes somewhat. Following the supple- 
mentary classification of B-transitions, introduced above, we use I to designate 
transitions pertaining to the first group and II to indicate transitions classi- 
fied in the second group. After the usual classification of B-transitions, we 
will indicate the supplementary classification, first for the proton system and 
then for the neutron system. Thus, for example, ah III indicates that the proton 
transition belongs to the first group and the neutron transition to the second. 


Table 3 
Calculation of corrections for B-transitions in odd nuclei 


Classi- 


Initial & fin- 6_-transition fica— (10g Ff) exp R | (log ft)rel 
al states tion 
Mera ieee) fart iy ere, 2t17) 0,41 |” 6,2 
sz = (7/2*[404]} Tats AL Awad Di) 6,4 [17 ]o 70,401) 6,2 
4412p, 185 1141447185 
sy = (7/27 [503]} aie 74W 2 Acc 6,5 [18] | 0,419 6,5 
Oa pe ee ae eee, 9 [ileal 0,4 ule, © 
Sz = {7/2*[404]} eee ah It lO, C471 en| O21) 8, 
Sy = {7/2*[633]} eat oHiM he \oh Tse ias (47) 40,065) 9740 
sz = (7/9*[404]} Stace ne tu MoTeG, 4417} | 0,40.) 654 
Sy = C/o [505]} te Ws de Adv 7,3 118)) | Ono | 658 
sz = @/o*[411]) Oe Oe Wie IT 6,28 119] 080,27 16,3 
sy = C/2 [510]3 SA Wbene oe a lack i Tie ot 15 e068 9 


First, let us consider B-transitions in odd nuclei. We carried out calcula- 
tions of the corresponding superfluidity corrections. The results are given in 
Table 3, in the last column of which we list the values of (log ft)rcl, i.e., the 
values of log ft calculated relative to the first transition of the given series 
between like states in different nuclei. If the average field does not change in 
going from nucleus to nucleus, the variation in log ft must be attributed to super- 
fluidity of the ground and excited states. Thus, the experimental value (log ft) exp 
for transitions between the 7/,+[404] and 7/.-[503] states varies in the range 


6.2 < (log /t)exp <6.9, 


whereas if one takes into account the correction for superfluidity, the quantity 
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(log /t)exp —log 4p varies little, namely, 


tioned transition there was obtained good agreement between cal- 
culated and experimental values of log ft. For two other transitions ee skeen 
fluidity corrections reduced the difference between the De ane aon oe 
and second transitions and also increased the value ler oe apphenleiett snob 
elements; for example, for the transition between the 7/2*[404] and 7/2 sta ; 
(log ft) = 6.7 and 7.8, while log [(fl)oxp-R] = 5.8 and 6.6, respectively. 


For the above men 


Table 4 
87 = /2*[402)) S sy = C/2[512]} B-transitions 
OEE EE EEE ee 


Classi- 
State G_transition State Ao (log f) exp R (log ft) pel 
tion | [Ref.] 
aR oll amta NS 4u II 79120 eal aS 1) 
TERT fu II 7,5 [45]. | 0,38 [..7, 
sz = {°/2t[402]}) Reise 1 wt8 | ground | tu II |7,1+7,7[21]] 0,23 | 8,0 
sy = C/o [512))}| Ret — ost | ground | tu II 7,7 [21T~| 0,34 | 8 
sz = P/at[402]}} M3Rel88 _. os! | ground | 1u I 8,0[24] 10,200} .-d49 
sy = @/e-1542]} 


Table 5 
83= 0/2 [514]} 2s, = (7/2 [514]} B-transitions 
| 
| a | @ 
State 6_transition State Qed = ¢3 = 
AS é & S 
Os) Siti = 
lau eth au II| 4,5 [15] | 0,32 4,5 
seat ta ave auIl| 4,5 [22] | 0,44 |4,4 
lee 105m. 178 106 ry ¢178 os 
Sz = {"/2*[404]} ['73Ta’” > “7 HE Sz = ("/2*[404]} au Il} 4,9 [23] |] 0,34 |4,5 
Sy = (7/2-[514]} s'¢ = (/9-[514]) 
2 a las oe ground au II 0,36 |4,6 
Sz = (/a-[544]} [UP Ta!78 _, 106777178 ground au II | 4,6 [23] | 0,22 |4,6 


Ot 
Sy = C/o [514]) BT at” _, 1086p 4178 Sz = s'y = (9/a-[514)}| aw IT | 5,1 [23] ] 0,41 144 
O+ 


‘ta’ 8 — MSH Tt | 5 = sy =C/a1514)| aw Il | 4,7 123] | 0,46 [4,6 


A comparison of the reduced probabilities for B-transitions between like 
states in odd and even nuclei is feasible only in cases when all these transi- 
tions are allowed, first forbidden, etc. Only in such cases can one calculate 
the log ft values for the B-transitions in even nuclei on the basis of the experi- 
mental data on odd nuclei. In Table 4,5 & 6, we give the results of calculations 


ee ee a ee 
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for transitions of the given types. In Table 4, for example, we give the data 


,for the B-transition between the */.+[402] and 3/2- [512] states, classified as 1u; 


the transition between the states with spins 17 and O* are also 1u type transi- 
tions and hence one can carry out a comparison of these transitions in even and 
odd nuclei. For determining the configuration of odd-odd nuclei we use the rule 
formulated by Gallagher & Moszkowski24 which states that the state with the low- 
est energy will be that with parallel projections of the spins of the odd neutron 
and proton on the nuclear symmetry axis. For determining the configuration of 
two-quasiparticle excited states we used Gallagher's rule, according to which the 
system with antiparallel spins has the lowest energy. The calculated values of. 
(log ft)re) for B-transitions in even nuclei, listed in Table 4, are in satisfactory 
agreement with the experimental data. 

In Table 5 we list the values of (log fi) for B-transitions in even nuclei cal- 
culated on the basis of the data on Yb!75-sLul75 B-decay; it will be seen that the 
calculated values of (log/t)rcl are in good agreement with the experimental data. 
The B-transitions to two-quasiparticle states with O+ were calculated by means of 
the usual formulas without taking into account the specific attributes of these 
States. In Table 6 we list the transitions between the sz = {*/s+[404]} and sy = 
= {*/2+[624]} states which cannot be reconciled with each other. This is apparent- 
ly connected with the change in the relative positions of the 7/.+[404] and 9/.-[514] 
levels, which we have not taken into account. We have divided the known transi- 
tions between these states into two parts, associating the first with the Ybl177— 
—>Lul77 transition, and the second with 0s183-sRel83 decay. 


Table 6 
Sz = {"/2*[404]} = sy = °/2*[624]} B-transitions 
| 
a Ge 3 
SuTree | 8 transition State ed eH) Te = 
| ME eo 
Oo aan = 
ba <8 TY bed ah II | 6,2 [15] | 0,41] 6,2 
idgese ue ab111\6,3 [15] oe0543.)% Got 
108g 81 2, 107 yy itl ah II | 6,6 [22] | 0,34] 6,3 
42 
Sz = {7/a*[404]} [1057 176 _, Mays éround |ah II|6,5 [21]] 0,31] 6,3 
Sy = (/2*[624]} 
3- ae 
Sz = {7 /at[404]} | 09pgi82 _, 10 yy 182 Isyy = (7/a7[540]}) ah 11] 6,9 [22] | 0,22 | 6,9 (7,9) 
Sy = C/27[510]} 8’ y = 0/2+[624]} 


ee a eee 


87 = (1/2 [404]} 057 at78 _ 106 rr s178 | sy = C/o [514 Dah I 11] 4,9 [23] | 0,24 [6,5 (7,4) 


sy = (7/2 [514)} sy = /at[624]} 
essere cee hire lee NS tl 3 be eee ten her la eel ett tl Pe a gee 
ay 1077180 _, 108 y7 4180 round ah I1| 6,0 [24] | 0,23 | 6,4 (7,4) 
sz = ("/2*[404]} 7318 = ae e Se nel eels 
sy = 2/2*[624]} 107 pate) _, TW ground ah I1| 6,8 [24] | 0, ONT; 
ope eee 20s es) SER 202s) 9588) 
eR ews ae sels ah I1| 7,1 [19] | 0,46) 7,4 
OT oi ah 11|337,9 [17]] 0,33 | 7,3 
79 _, 107 py 6179 ne 7,4 
[ate SLUT, ah I1|~6,9 [15]| 0,25 
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Table 7 


Nucl- | System 
eus 


Hf278 Proton 
7 ie Noutron 
Wie Proton 
Ww1s2 " 
Wwis4 " 


*K - 1, K + 1 level. 


Recently, Gallagher?1 showed that single-particle transitions in even nuclei 
occur with approximately the same probabilities as transitions in the correspond- 
ing odd nuclei. Our calculations substantiate this. The values of log [(/t)exp], 
which are the quantities that should be compared with each other and with the re- 
sults of calculation of B-transition probabilities according to the independent 
particle model, are approximately the same for even and odd nuclei. There is less 
difference between the quantities log [(/t)cxp R] for even and odd nuclei than between 
the values of (log/t)cxp - 

In cases when the change in spin incident to B-transitions in even and odd 
nuclei is different, as, for example, in the case of the B-transition between the 
sz = (8/5 [514]} and sw = {3/.7[510]} states of Rel82 (37) to w182 (2-), where (AT) ogg = 
= 4, while (AI) gyen = 1, one cannot calculate the B-transition probabilities for 
even nuclei on the basis of the probabilities for odd nuclei. However, in such 
cases one can and should carry out calculations of the relative B-transition proba- 
bilities in different even nuclei. 

In the work of Mottelson & Nilsson!5 observed B-transition probabilities in 
strongly deformed nuclei were systematized and linked with the classification of 
B-transition as follows 


4.5 << log (fthexp << 5.0 au, 
6.0 < log (/t) exp <7,5 ah, 
0.0 < log (/t) exp <= (.a ta, 
7,5 < log (ft)exp << 8.5 1h, 


Inasmuch as the asymptotic quantum number selection rules are based on the inde- 
pendent particle model in the form of Nilsson's potential, one should formulate 
the limitations not on log (f/t)exp, but on the quantity log [(/t)expR], since it is 
necessary to exclude the influence of superfluidity. Calculations carried out on 
the basis of the "superfluid model" show that the range of values of log [(/t)exp R] 
narrows as compared with the range of values of log(/t)exp and is shifted to the 
side of smaller values. 


3. Two-quasiparticle levels in Hf178 ang w182 
Using the "superfluid model" formulas, we calculated the two-quasiparticle 


levels of Hf178 and w182 and the reduced B-transition probabilities. We note 
that such calculations are completely unambiguous and are based on the experi- 
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Fig.1. Calculated two-quasiparticle levels in Hf178 and values of (log fé)rci 
(Relative values of log ft underlined.) 


mental data on odd nuclei and pairing energies. 

The calculated two-quasiparticle levels of Hf!78 and values of (log/t)rcei1 for 
B-transitions of 2.1-hr Tal78 in the 97 state, where sz = {*/.~(514]} and sy = 
= {°/.* [624]} and 9.3-min Tal78 in the 1* state, where sz = {°/.~[514]} and sy = 
= {'/, [514]} are shown in Fig.1. The calculated values of (log/t)ro) for B-decay of 
9,3-min Tal78 for transitions to the ground and neutron (0+) states are in good 
agreement with experiment?3, in addition, we have predicted the probabilities for 
B-decay of 2.1-hr Tal78 to the 8- state. If it is assumed that the assignment 
for 2.1-hr Tal78 is 7-, where sz = {7/,*[404]} and sy = {7/. [514]}, then for B-decay 
to the 8~ neutron level we obtain (log/t)rc] = 6.9 and to the 8™ proton level 
(log /t)re) = 4.7. The calculated energy of the 8~ proton state is in good agree- 
ment with the experimental value of 1.148 MeV, and that of the 87 neutron level 
with the experimental determined value of 1.480 MeV. G 

The numerical agreement can be improved by introducing the = (vk + vk) cor- 


rections; the magnitude of these, however, lies within the limits of accuracy of 
the calculations. The 0* states with energies 1.197 MeV (this state in Ref.23 
is regarded as a B-vibrational state) and 1.440 MeV can, on the basis of our cal- 
culations, be considered as two-quasiparticle states: the first a proton state 
(E = 1.15 MeV), and the second a neutron state (E = 1.7 MeV). We note that the 
calculations of the energies of the OF two-quasiparticle states are carried out 
with appreciably lower accuracy than that characterizing the calculations of the 
other states. The 1+ level with energy 1.430 MeV, detected by Gallagher et a125, 
cannot be found among the two-quasiparticle levels in this energy region. We pre- 
dicted a 2~ proton level with an energy of 1.8 MeV, which may be observed in 1h 
B-decay of 9.3-min Tal78 , if this process is energetically possible. 
| The calculated energy of the two-quasiparticle levels in wl82 and values of 
(log /t)rce1 for B-decays of 115-day Tal82, 60-hr Re152 and 13-hr Rel82 are shown in 
Fig.2. Apparently, 60-hr Re182 has spin 7+ and sz = {*/:*[404]} and sy = {*/2* [624]}; 
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Fig.2. Calculated two-quasiparticle levels in W182 and values of (log /t)rc1- 


13-hr Rel82 has spin 2+ and the same sz and sy; 115-day Tal82 with spin 37 is as- 
signed sz = {"/.‘[404]} and sy = {1/. [510]} by Gallagher & Moszkowski24, however, in 
this case B-transitions to the 27 proton levels are forbidden according to the 
model under consideration, whereas (log/t)=> 8.3 (Ref.22). More accurate experi- 
mental determination of the probability of this transition is essential, first, 
for determining the configuration of 115-day Tal82, and second, for determining 

to what extent B-transitions belonging in the third group are retarded as compared 
with B-transitions classified in the first and second groups. 

The calculated energy of the 2~ proton level (1.4 MeV) and the value of 
(log /t)rel (6.2) are in satisfactory agreement with the measured energy (1.255 MeV) 
and (log/l)cxp (6.3). The calculated relative probability of the B-transition 
((log /t)-e1= 6.8) to the 4~ neutron level and the energy of this level (1.46 MeV) are 
in good agreement with the experimental values of Gallagher et a125, (log /t)exp = 
= 6.8 and E = 1.554 MeV. 

It will be seen from the calculated level spectra of Hf178 and w182 that two 
or three single-particle levels in each nucleus lie below the top of the energy 
gap 2C. In Table 7 we list the widths of the gap, the calculated energies of the 
K, K +1 levels and the experimentally determined values of the energies of these 
levels. The 27 proton level in W182 is the K —1, K + 1 state in the single- 
particle level scheme; if, however, the 7/2+[404] and °%/2-[514] levels are interchangex 
this will be the K,K +1 level. It will be evident from Table 7 that the calcu- 
lated dropping of the K, K + 1level below the width of the energy gap is substan- 
tiated by the experimental data. This effect cannot be explained by means of the 
initial formulation of pair correlation. 


Conclusions 


In the first part of the present paper we have formulated the "superfluid 
model as a nuclear model based on the average field of the unified model in the 
form of a Nilsson potential, which takes into account pair correlations. We then 
investigated the general regularities involved in the model; in carrying out de- 
tailed studies, our calculations were based on the experimental data on single- 
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particle levels of odd nuclei, pairing energies and some reduced B-transition 
probabilities in odd nuclei. This basis for our calculations does not depend 
on the shortcomings of the unified model, and the calculations themselves are 
entirely unambiguous and do not involve recourse to any new parameters. We have 
calculated relative quantities, excluding or minimizing the influence of the aver- 
age field. Calculations of this type are being continued along the line of in- 
vestigation of other strongly deformed nuclei and along the line of calculating 
‘Seg parameters, primarily the reduced probabilities for electromagnetic transi- 
ons. 

The results set forth in the second part of the work show that the proposed 
method makes it possible to carry out quantitative calculations of the energies 
of single-particle levels in even-even nuclei and the reduced probabilities of 
B-transitions in the region of strongly deformed nuclei. 
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Yb166_sTm166—sFr166 DECAY CHAIN 
- E.P.Grigor'ev, K.Ya.Gromov, B.S.Dzhelepov, Zh.T.Zhelev, V.Zvol'ska & 
I.Zvol'skii 


The transformations and transitions occurring in the Yb166_,7166_,7 7166 
chain have been studied and checked by many authors.1-12 Investigation of the 
Sequence of excited states in the even-even deformed nucleus Erl66 is of great 
interest inasmuch as the experimental data in this case can be compared with the 
predictions of the unified model theory. The principal purpose of the present 


Resets was to refine and supplement the available data on the levels in 
x . 


l. Experimental Conditions 


The sources used for investigating the conversion electron spectra of Yb166 
and Tm166 were prepared of the ytterbium fraction obtained by chromatographic 
Separation from the rare earths produced in spallation of a tantalum target with 
660 MeV protons. In the conversion electron spectrum of the ytterbium fraction, 
in addition to Yb166 ang Tm166 electrons, there are evinced conversion electrons 
from Yb169; however, identification of these presents no difficulties inasmuch as 
the conversion electron spectrum of Yb169 has been thoroughly investigated, and 
moreover, the half-life of Yb169 is relatively long (33 days). Measurements were 
carried out with several sources obtained as the result of 2 hour bombardment of 
the tantalum target and with two sources extracted from targets bombarded for 12 
hours. We investigated most of the transitions by means of a double focusing B- 
spectrometer; the spectrometer field was monitored by the method of proton mag- 
netic resonance, which made it feasible to determine the conversion electron ener- 
gies with an accuracy to 0.05-0.10%. The apparatus half-width of the conversion 
lines in these measurements was ~0.2%. The positron spectrum was investigated by 
means of a triple focusing B-spectrometer. 


2. Measurement Results 


Our data on the energies of the y-transitions in Er166 and the relative in- 
tensities of the K conversion lines are shown in Table 1, where,for comparison, 
we also give the data of Brabets et al2 and Jacob et al®, Jacob et al estimate 
the error in their energy values as 0.15%; our data agree with their results with- 
in the limits of this error. There is, however, an appreciable divergence between 
our data and those of Brabets et al in the range of high energies. We also ob- 
tained a more accurate value for the energy of the transition from the excited 
level of Tm166 to the ground state. The line at 690 keV, which was identified by 
Brabets et al as K749, is, apparently, the M line of a 691.9 keV transition. 

Successive sections of the conversion electron spectrum of Tm166 are shown 
in Figs.1, 2 & 3. 

The measured transition energies allow of determining the energies of the 
excited levels in Erl66, The results of different ways of evaluating the level 
energies are listed in Table 2. It will be seen that there is good agreement as 
regards the level energy values deduced on the basis of different cross-over and 
cascade transitions. 

We feel there can be no doubt regarding the existence of the levels and tran- 
sitions listed in Table 2 and shown in the decay scheme of Fig.4. Of the 47 tran- 
sitions listed in Table 1, 32 have been fitted into the decay scheme; it is ob- 

vious, therefore, that the proposed decay scheme requires further elaboration. 
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Table 1 
* tq ion 
+4 166 and relative intensities of the K convers 
f y-transitions in Er an 
Energies of 7 Eee 
Brabets et al” | Jacob et al? Our__data 
No. hv, keV T | hv, keV | I hy, keV I 
et ae Se eed Ces ee ae ee 

11640 80,6 11200 =| 82,3 tn Tle 1670 
a (M-+-N) 450 ae Cathe 80,6 = 
5 = = 147.2 0,97 147 4 0,59 

154,3 3,64 04, ’ 
S ya 3 170,0 0,79 170,1 0,48 
6 183,9 400 184,5 100 184,4 100 
7 | 193.6 11 194,7 10,3 194,8 8,3 
Be} 2144 8,4 215,4 8,7 215,4 7,3 
9 282 0,84 280,2 0,814 280,5 0,56 
10 | 299 0,77 = = 298,3 0.7 
14 347 — 345 ,5 Zt 346,14 1,2 
12 390,4 0,12 
13 405 1,0 403 ,8 2,0 ae hone 

14 = se a Ss , ’ 
a a3 2s 412,8 0,06 
‘8 433 0,45 = a 430,4 0,12 
47 459 PU 459,3 4,9 459,7 Je8) 
18 es ae = = 472,5 0,10 

= ipa = a a 30, ’ 
ot 596 1,0 595 ,0 1,5 cake Ce 

22 098 0,27 Damas Ey ’ ’ 
9 a a = a 604,7 0,1 
ry 674 0,77 672,9 0,94 673,1 0,52 
25 re = 675,4 0,39 675,5 0,17 
26 693 4,45 692,3 2 691,9 1,76 
OMe 707 24 706, 2 3,4 705,8 2,8 
28 749 0,18 es — — = 
29 760 0,77 758,9 1,4 758 ,9 0,80 
30 782 ey 780 ,0 4,4 779,6 3,6 
34 789 ee 787,41 Pes: 786 ,8 1.44 
32 (807) — — = 811, 1 0,15 
33 877 0,55 876,9 0,73 875,9 0,66 
34 aks = 1081,6 weak 1080,0 0,18 
35. | 1158 0,23 4155.3 0,43 1153,8 0,32 
36 | 1184 412 1179,8 £5 1178,2 he 
37 | 1209 0,14 — 1204,5 0,18 
38 1277 eth 1276,9 1,9 1275,0 2,0 
39 | 1309 0,1 1304,3 0,13 1302,7 0,20 
40 es =~ 1350,4 0,14 1348, 1 0,17 
41 | 1380 0,99 1377,6 0,57 1375,9 0,60 
42 (1423) 0,1 ie a A oi 
43 — _ _ _ 1433,5 0,10 
4a = = 1451 ,2 0.45 1450,1 0,17 
2 — = 1508,5 0,10 1507,2 0,12 
= — — — 1624* 0,08 
49 eAs78 0,37 = = 1868 ,9 0,16 
48 or — — = 1898** 0,05 
49 2060 0,68 — = 2053,6 0,65 
50 | 2088 0,27 = = 2080, 2 0,2 


~ 


——___—_. 


*This transition was first detected in the measurements with the triple 
focusing B-spectrometer. 

**This transition was detected by V.G.Chumin by means of a uniform field 
B-spectrometer. 
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nrl66 Table 2 
| r level energies determined on the basis of different transition cascades 


Level 
energy, 


Level 
energy, 


Sum of energies 


Ser Sum of energies 
determining the 


determining the 


ke Level, wkeV keV level, keV 
80,6 Cross—over 80,6 § 869,0 Clono— ooo 
265.0 80,6-+184,4— 265.0 || 1535,4 { 1075.64 ae ee 
545 ,5 265,0+280,5—= 545.5 f 786, 5-+1153,8—1940,3 
Cross-over  786,8 || 1940,0 860,0-+1080,0=1940,0 
786,5 80,6-+705,8—= 786,4 (| 1535344 403'9=1939-3 
265,04521,2— 786,2 80,6-++2053,6=2134,2 
860.0 80,6-+779,6—= 860,2 265,0-+1868,9—2133,9 
, 265,0+594,8= 859,8 || 2134,6 786,5+1348,1—2134,6 
( 80,6+875,9= 956,5 860 ,0+-1275 ,0=2135,0 
956.5 265,0+691,9= 956,9 956 ,5+1178,2=2134,7 
786,5+170,1—= 956.6 8),6-+2080,2—=2160.8 
545,5+410,6= 956,14 eee eo ee 
265,0+811,1—1076,1 || 2461; 86, 9-1-1375, 9-21 62,4 
1075,8 | 545,54-530,4=1075 9 Bee nas ieelOat 
860,0-+-215,4—=1075.4 956, 5-4-1204 ,5=2161,0 


The positron spectrum proved to be complex. 
It consists of two components with end-point ener- 
gies 1940 + 20 and 1080 + 100 keV (Fig.5). The 
intensity ratio I1940/Ij080 = 6.7. There may also 
be a weak component with end-point energy ~450 keV. 
We also determined the intensity ratio of the 
positron spectrum and the conversion lines: 


N, c/min 


K403,9 


J00 


I 


= = 0.0145. Using the data of Table 
K+L-+M (2054-+2080) 
3, we find that the number of positrons per 100 
disintegrations is 1.8. The 1940 keV component 
of the Bt-spectrum may be either an allowed or a 
unique transition depending on the parity of the 
ground state of Tml66, 
The Jx/Ig+ ratio for a B-decay energy of 2 
MeV is 3.2 for allowed transitions and 10 for 
= unique ones. The fraction of transitions to the 
S 80.6 keV level for the high energy component of 
| the positron spectrum is unknown; consequently, 
A in the decay scheme (Fig.4) we have indicated the 
me 


I 


200 


extreme values for the intensity of this component. 
Analogous observations apply to the B*-spectrum 
with end-point energy 1080 keV, which feeds the 


£300 2550 2400 Hp,0etw = Jevyels of the second rotational band. 
-Fig.1. 350 to 380 keV section 
of the conversion electron 3. Intensity Balance of the Transitions 
spectrum. between the Levels of Er 


Knowing the intensities of the conversion lines and the multipole orders of 
the transitions, one can, on the basis of the theoretical conversion coefficients, 


determine the total relative transition intensities: 


T=Ig +Ip+Iu4n 4 Jy. 
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en 

6S i 
= le 
= eS 


The uncertainty in deter- 
mining the conversion line in- 
tensities amounts to 5-10% for 
the strong transitions and up 
to 20% for the weak ones. The 
error in the calculated transi- 
tion intensities equals ~10% if 
the multipole order is known 
precisely; this is often the 
case inasmuch as transitions 
between rotational levels in 
even-even nuclei are generally 
E2 or E2 with a small admixture 
of Ml. On the basis of the 7- 
ray intensities reported by 
Baranovskii & Pokrovskiil and 
the measured intensities of the 


Ny c/min 


SEY) 


= RIG 


_x td ~~ conversion lines one can evaliu= 
2500 LY eae obi bi 26u0'ip.00CM =4+6 the conversion coefficients 
Fig.2. 400 to 415 and 445 to 480 keV sections of fora number of transitions and 
the conversion electron spectrum. hence draw certain inferences 
; regarding their multipolarity. Pre- 
sheets cise determination of the conversion 
S 3 S = coefficients is impossible because 
SS = = the y-ray intensities have as yet not 


been determined with adequate accura- 
cy, owing to the complexity of the 
y-spectrum. For calculating the 


50 ° transition intensities we assume the 
7 a 7a multipole orders obtained from the 
; ° f data on the conversion coefficients. 
i Ee ee ee ee ee a 


We assume that the transitions be- 
tween rotational levels are pure E2. 
Fig.3. 1360 to 1400 and 1570 keV sections The intensities of the y-lines as- 
of the conversion electron spectrun. sociated with the transitions from 

the two upper levels of Erl66 were 
calculated on two assumptions regarding the multipolarities, namely, E2 and Ml; 
the figures given first in Table 3 are for E2. 

There are transitions to the ground state of Erl66 from only two levels; 80.6 
(2+) and 786.5 keV (2+); no cross-over transitions to the ground state from any of 
the other nine levels listed in Tables 2 and 4 have been observed. Neglecting B- 
transitions to the ground state (evaluations show that their abundance does not 
exceed 5%) and possible y-transitions from the highest lying levels to the ground 
state, we conclude that the total intensity of the two transitions to the ground 
state Igo.¢ + I786.5 = 100%. The intensities of the other transitions accomodated 
in the decay scheme (Fig.4 & Table 3) were calculated on this assumption. 

The total intensity of the 15 transitions that were detected but not accomo- 
dated in the proposed decay scheme (Fig.4) is 50% if it is assumed that all these 
transitions are El, 20% if E2 and 11% if Ml; these figures indicate the magnitude 
of the error that may arise owing to the above assumption. The intensities of 
the transitions arriving and departing from the various levels can be balanced if 


of the two possible multipole orders for the 1178.2 and 1275.0 keV transitions 
one chooses Ml (Table 4). 


100 


6000 «USD ~—«O00Ss=« SSC tS*S*~=<~*~‘~;*« BX em 
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Of 281 ppg — 
i i 5 
2 
(3)" 1940 eeeetcge = =— 
US) | SAESAN SES a 
Ss ~s = = 
S(S| S/S /8/8 [IS 


(34) 15344 — Hi} a ee esos 


13027 
AYE = 
13481 —— 


es SS 4s 
FS & 88 8 
ee SEO steete 
<S 
1 Aa - 
S 
- me ae ee Bin 


766,5 == 
Ss sj s/s 

6° 5455 
xs Ss S > SS 


[he 265,0 
sere 
fe Se pet 


pe tl 


Fig.4. Yb166_+7m166_,7 7166 decay scheme. 
4, Er166 Level Diagram 


The existence of two rotational bands in Er166 was proved in earlier investi- 
gations.6,9,12 On the basis of our data one can draw the further inference that 
there is a 5+ level in the second rotational band, the energy of which is defined 
by three transitions to lower lying levels and is in good agreement with the re- 
sults of calculations by the formula for rotational levels. 

The locations of the higher lying levels were inferred from the energies of 
the transitions arriving from these levels (Fig.4). The following inferences 


100 


50 


500 


Fig.5. Kurie plot for the Bt-spectrum of Tm 


1060* 100 


x 
——— 


1000 


1500 
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regarding the characteristics 
of the levels in Er 166 may be 
drawn from the data of Table 4: 
1. The multipole order of 
the 1778.2 keV transition de- 
parting from the 2134.6 keV 
level to the 956.5 keV (4*) lev- 
el is Ml. This follows from the 
intensity balance for the 956.5 
keV level. Hence of the two 
possible spin values for the 
2134.5 keV level - 2 and 3 - 
there remains only the latter 
(the spin cannot be 4, inasmuch 
as this level is pa popu- 
lated in the decay of Tm 66, 
the spin of which is known to 
be 2 (Ref.5)). 
2. The intensity balance 
for the 786.5, 860.0, 856.5 and 


—=— 1940 #20 


2000 E,xev 


166, 


Table 3 


Intensities of conversion electrons and y-rays and total transition 
abundances per 100 disintegrations 


Ey, keV 


80,6 
TOE 
184,4 
194,8 
215,4 
280,5 
403 ,9 
410,6 
459 ,7 
521 ,2 
930,4 
594,8 
599,0 
675,95 
601, 9 
705 ,8 
779,6 
786 ,8 
811,41 
875,9 

1080,0 
1153,8 
1178,2 
12004,5 
1275 ,0 
1302,7 
1348, 1 
4375,9 
1868 ,9 
1898 

2053 ,6 
2080, 2 


Ik 


Tis 
0,014 
2.79 
0,24 
0,21 
0,016 
0,033 
0, 0026 
0,092 
0,0023 
0,0026 
0,028 
0, 0075 
0,0047 
0,049 
0,078 
0,10 
0,0495 
0,004 
0,019 
0,0050 
0, 0089 
0,036 
0,005 
0,056 
0,0056 
0 ,0048 
0,017 
0,0045 
0, 0014 
0,0186 
0,0056 


Mal ti— 

pole ax -108 I, | I 
order 

E2 = 42 89,2 
E2 250 0,056 0°07 
E2 200 14:0 18.7 
El 45 513 ie 
E2 128 4.63 1/9 
EQ 61 026 0:28 
E1 7,4 4,9 4,55 
E2 21°8 0:12 0:12 
£2, Mi| 15,6; 38 | 5,9: 2,4 | 6,0; 2,5 
E2 11,8 0.2 0,2 
E2 1422 Oi23 0,23 
E2 8,8 3°2 3.2 
E2, M1 | 8,6; 18,5 | 0,87: 0,40 | 0,87: 0,40 
£2, M1} 6,4; 13,5 | 0,74: 0,35 | 0,74: 0,35 
E2 6,2 7,9 7,9 
E2 518 134 13.4 
E2 47 21°3 21°3 
E2 4.6 10.7 10,8 
E2 4,2 1'0 1,0 
E2 a8 5.1 5.1 
E\ 0,98 5/4 5.4 
El 0,88 40/1 10/1 
E2, M1 | 2,0;'3,5 18: 10 18: 10 
Ho Mt'} 1,95 3,3. P8818 Beha se 
£2, M1 | 1,72: 2'9 33: 19 33: 19 
B2, Mig | 4,653 204 43,4u 24 of dhe 214 
EX, M1 | 4,55; 2.5 “44. 79 | “St. eG 
£2, M1} 1,48; 2,4 [411557754 | 445: 74 
£2, M1 | 0,87; 1,18] 5,3: 318 | 523: 3/8 
£2, Mt! 0,84; 1,15 | 4:7, 1.2 | 4.7: 1.2 
E2, M1 | 0,72; 0,96 | 24;'19'4 | 24:°19°4 
E2, M1 | 0,70: 0193 | 8: 6 8: 6 
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2161.6 keV levels clearly indicates that the multipolarities of the transitions 

departing from the 2161.7 keV level cannot be El, inasmuch as in this case their 
‘intensities would be two times higher than in the E2 case. From this it follows 
that the parity of the 2161.7 keV level is even. 


5. Comparison of the experimental Data with the Deductions 
from the Theories of Axial and Nonaxial Nuclei 


According to the Bohr-Mottelson unified nuclear model, the four lowest levels 
in Erl66 constitute a rotational band with K = 0, and the four next levels belong 
to the band with K = 2 based on the 786.5 keV level, which is a y-rotational lev- 
el. According to the Davydov-Filippov theory of nonaxial nuclei, all these levels 
belong to one ground state rotational band. In Table 5 we give the comparison of 
the experimental energy values of these rotational levels with the theoretical 
values tabulated according to the two theories.13,14 We calculated the theoreti- 
cal data both in the adiabatic approximation and with corrections for nonadiabatici- 
ty. 

Precise determination of the level energies allows of calculating the para- 
meters A and 8 for the rotational bands, i.e., the moments of inertia of the nu- 
cleus and the magnitude of the coupling between the rotation of the nucleus and 
its other forms of motion. These parameters are given by the familiar Bohr- 
Mottelson formula: 


E* = E,+ AU (I +1)—J, (lo + 1)] —BU(L +1) —1y (Ip + 1)P 


For the lower rotational band: 
Ai = 13.51 + 0.03 keV, 
B, = 0.013 + 0.003 keV. 


For the rotational band based on the 786.5 keV level: 


Az = 12.33 + 0.13 keV, 
Bz = 0.014 + 0.008 keV. 


The small values of the parameter B are characteristic of isotopes in the middle 
of the region of deformed nuclei. 

For the nonaxiality parameter y in the Davydov-Filippov theory (this para- 
meter is determined from the experimental ratio of the excitation energies of the 
two lowest 2+ type levels) we obtained y = 12.68°. We determined the theoretical 
value of £;, /E (2{) from the tables of Moore & Whitel5, In taking into account the 
correction for nonadiabaticityl4, we obtained a value of 12.56° for y for a non- 
adiabaticity parameter yw = 0.172. 

The comparison presented in Table 5 shows that corrections for nonadiabatici- 
ty substantially improve both theories as far as agreement with experiment is con- 
cerned. 

From the measured intensities of the conversion lines one can calculate the 
reduced transition probabilities and compare their ratios with the theoretical 
ratios calculated on the basis of the unified model (Alaga's rules) and the theo- 
ry of nonaxial nuclei. The experimental and theoretical reduced probability ratios 
for the transitions between the levels of the first and second rotational bands 
are compared in Table 6. It was assumed that the multipole order of all the tran- 
sitions is E2. 

In column 6 of Table 6 we list the theoretical values calculated according 
to Alaga's rules but with the correction f(z, 1;,/;), which takes into account mixing 
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Table 4 
Intensity balances in the Er166 decay scheme 
Arriving from sa Percent 
Level higher levels lower levels electron 
Pie | o, Ey, keV |  % capture 
0 80,6 89,2 
786,8 10,8 
400 0 25 
(assumed) 
80,6 184,4 18,7 80,6 89,2 
705,8 13,4 
779 ,6 21,3 
Sit. 4 ial) 
875,9 5,1 
2053,6 24; 19,4 
2080 , 2 8; 6 
91,0; 84,4 89,2 ~(1—S) 
265,0 280,95 0,28 184,4 18,7 
521,2 0,2 
594,8 3,2 
694 ,9 7,9 
1868, 9 5S o.8 
1898 bY hea Me 
18,6; 16,6 ere” ~(1—5) 
545,5 40,6 0,12 280,5 0,28 
530,4 0,23 
0,35 0,28 0) 
786,5 170 0,07 B21 2 0,2 
AASB) te) OZ 705,8 13,4 
1348 1 Fe Sl hese) 786 ,8 10,8 
1375,9 445 hal 
25,4: 19,8 24,4 ~(1—5) 
860,0 215,4 AZ 594,8 s2 
675,5 0,74: 0,35 779,6 24.35 
1080 yaa 
1275,0 3a; 19. 
1302,7 3 & ios 
44,2; 28,4 24,5 ap awilee ne le a cle ee ee 
956,5 1178 ,2 See 10 47084 0,07 
1204,5 DS a 410,6 0,12 
691 ,9 (eo) 
875,9 5,4 
20,5; 11,5 13,2 ~(1—3) 
1075,8 459,7 (aOR alone 1,9 
530,4 0,23 
811,41 1,0 
GS0342%5 #8 ere 
1535,4 403 ,9 4,55 459 ,7 6,022.5 
599 ,0 OF Oe 675,5 057420, 380 
5,5; 5,0 6,7; 2.9 ae 


1940,0 194,8 5,6 403,9 
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(Table 4 continued) 


a eee 


n 


Arriving from Departin 
Level higher sens ener oe | Percent 
electron 
By. Kev | tt YF E,, keV | Hes, Wf capture 
2134,6 — — 194,8 5,6 
599 ,0 0,9; 0,4 
1178,2 18; 10 
1275,0 33; 19 
13481 sails. ala 
1868 ,9 Deon OTe 
2053 ,6 24, 19,4 
89,9; 60,4 90; 60 
2161 ,7 _ — 1204,5 eae Uecs) 
1302,7 DA aac 
4375,9 AAO yk 
1898 Neve, dnd 
2080 , 2 8; 6 
De ate) PATS Atk) 
Be es 
Table 5 


Energies (in keV) of the rotational levels in Er1l66 
(Comparison of the experimental results with the data calculated 
on the basis of the theories of axial and nonaxial nuclei) 


Wt jay Gi {oy ae ai 


With correction for 
nonadiabaticity 


nonaxial 
MUCLeT 


nonaxial 


axial nuclei nucled 


A\=13,43 p=0 A\=13,54 
(for 4° & 6") B,=0,013 
Ag=12,25 (for 4° &6") 
(for 4° &5") 
712.68 A2=12,33 ~=12,56 
B,=0,014 
(for 4° &5,) 
me 80,6 80,6 * 80,6 * 80,6 * 80,6 * 
4* 265,0 268,6 266,0 265,0* 265,0* 
6 545,5 564,0 51,5 544,5 545,0 
ze 786 ,5 786,5 * 786, 5 * 786 ,5 * 786,5* 
3 860,0 860,0* 867,3 860,0* 864,8 
4* 956,5 958,0 978,5 956, 4 968,8 
5° 1075,8 1080,5 1108, 2 1074,3 1090,5 


*Taken from experiment. 
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Table 6 


Ratio of reduced probabilities for y-transitions in Erl6 
(Comparison of experimental and theoretical data) 


———— 
0 Se eee 


ixperiment ay 
Alte of rea Axial nuclei ee 
duced transi- ©) a2 with Mot— 
tion probabi- Ref.6 | Ref.2 no cor— |telson's ee 
lities Gea. ets correction Vlas 
| FECeLo Z = OACe® 
B(2, +4"): B(2> 
=e Y: B(2*—-0) 0,07: 1: 0,58|—:1 : 0,51/—:4 : 0,37|0,05 : 1 : 0,70|0,074:4: 0,58* 0,06:4: 0,45 
1 2 


B(4>6"):B(4,> 
-+4*):B(4*+2*)|0,20 : 1. 0,21]—:4 : 0,17|—:4 : 0,13/0,09 : 4 : 0,34) 0,16 : 4 £0,2410,15- 42 0,14 
1 2 1 


: B(3t-+2*) 0,57 0,74 0,78 0,40 0,64 0,64 


+ 
*The BQ! +2"): B 2,79) ratio was used for determining ¢.- 


of the states with K = 2 and K = 0. The form of the correction f(z, J;, J;) for 
transitions from levels of a band where K = 2 to the levels of a band with K = 0 
was determined by Mottelson!§, It will be evident from Table 6 that the experi- 
mental results are in best agreement with the values determined according to 
Alaga's rule with the Mottelson correction. Apparently, in Er166 there is mix- 
ing of the states of different rotational bands. For a number of other even-even 
nuclei, for example, Gd156 and Dy160, introduction of the correction f(z, J;, J;) 
also leads to improvement of the agreement between the experimental and theoreti- 
cal reduced transition probability ratios. As a rule, the experimental values 
lie between the theoretical values calculated according to the theories of axial 
and nonaxial nuclei.17 

I take this opportunity to thank V.A.Khalkin for preparing the source. 


Leningrad State University & 
Joint Institute for Nuclear Research 
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DECAY OF Ho!60 To Dy160 
BETWEEN CONVERSION ELECTRONS EMITTED IN THE ; 
inca ah -~ B.S.Dzhelepov, I.Zvol'skii & V.A.Sergienko 


Decay of Hol60 to Dy160 has been investigated by several groups. 177? eae 
been established that in the process of electron capture and B*-decay of Ho 
there form many excited states of Dy169, between which there occur pee: Le . 
different transitions. On the basis of the radiations emitted in Ho a »Dy 
decayl-9 and Th!60_B>py160 gecay13-25, as well as the inferences dob loysg from 
the unified nuclear model, there was proposed a level diagram for Dy meg wei 
7&9). The purpose of the present work was to check and refine the Ho —Dy 


decay scheme by the method of e-e coincidences. 
I. Experimental Conditions 


We investigated the coincidences between the 
coine 2 conversion electrons emitted in decay of Hol69 on 
a the twin lens B-spectrometer described in Ref.26. 
By way of electron source we used Erl60(7T = 29.4 hrs) 
which converts by electron capture to Hol60(T = 
= 4.6 hrs). The conversion electron spectrum of 
the Er160_,95160_.py160 chain differs from the elec- 
tron spectrum of Hol60-—spy160 only by the presence 
O02 4 6 68 Wil %sec Of the conversion lines from the 60.1 keV transition 


N 


100 


in Hol60, 
Fig.1. Variation of the co- The Er169 was obtained by chromatographic sepa- 
incidence counting rate as ration from the rare earths formed as a result of 


a function of the resolving bombardment of a tantalum target with 660 meV pro- 
time 2tT of the coincidence tons. The activity in the form of the lactate was 

circuit. deposited on a thin lightly aluminized collodion 

film. The diameter of the sources was 4-5 mm. The 

films were sufficiently thin so that electron scattering in them had virtually no 
effect on the line shape. The singles electron spectra recorded by both halves 
of the spectrometer had virtually the same appearance; the counting rate for the 
two halves in detecting electrons of the same energy did not differ by more than 
10%. 

By way of electron detectors we used scintillation counters coupled to FEU-33 
photomultipliers. The operation of the counters and associated electronic circuit 
is illustrated in Fig.1, the curve in which characterizes the variation of the co- 
incidence counting rate with the resolving time 2t of the coincidence circuit for 
~60 keV electrons (coincidence between the K114.5 and K115.3 electrons of Gal46), 
It will be evident that for resolving times shorter than 4-1079 sec the coinci- 
dence counting efficiency remains virtually constant. 


II. Results 


The levels of Dy160, excited in the decay of Hol60 (Fig.2), form one of the 
most complicated diagrams known at present. The O (0+), 86.7 (2+), 283.7 (4+) and 
581.4 keV (6+) levels constitute a first rotational band with K = 0, while the 
966.5 (2+), 1049.5 (3+), 1156.4 (4+) and 1289 keV (5+) levels make up a second 
rotational band with K = 2. In addition to these levels, there are many higher 
lying levels up to 2922 kev.2 


We investigated coincidences between conversion electrons with energies to 
1000 keV, namely, 


, 
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Fig.2. Investigated section of the level diagram of Dy160 (levels excited in the 
decay of Hol60). The figures in parentheses indicate the relative intensities 
of the transitions in percent referred to the transitions to the ground state. 
The heavy lines denote the transitions of the detected and investigated cascades. 


1) coincidences between conversion electrons from the 86.8, 197.0 and 297.7 
keV transitions departing from the levels of the first rotational band; 
2) coincidences of conversion electrons from the transitions between the 


levels of the first and second rotational bands (765.7, 872.5, 879.8, 962.8 and 


966.4 keV transitions) with the conversion electrons of the 86.8 and 197.0 keV 


transitions; 


3) coincidences of the conversion electrons from the transitions feeding the 
levels of the second rotational band (the 107.6, 298.8, 405.7, 513.6, 538.7, 645.5, 


728.5 and 754.5 keV transitions) with the electrons of the transitions de-exciting 


the levels of the first and second rotational bands (transitions with hv = 86.8, 
197.0, 297.7, 872.5, 879.8, 962.8 and 966.4 keV) ; 
4) coincidences between the electrons of the components of the complex 


K(297.7 + 298.8) line. 
The conversion electron spectrum up to 1000 keV recorded in the half of the 


spectrometer viewing the activity side of the source is reproduced in Fig.3. 
“There are clearly discernible Hol6° conversion electrons from transitions with 


(vie font il 
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Table l 


Results of investigation of the coincidences between the conversion 


electrons emitted in Hol60-4py160 qecay 


Line de_| Counting ; Countin Coincide 
tected rate at Line detected in ce abe per hour 
by first |, cak second pers 
spectro— 1Nbkga) spectrometer ( to Misa) 
me tex 10 ,p/min 10% p/min |Total Chance Truc 
! 
( L107,6 0,8 1 061} 247 814 
K197,0 220 30 954) 854 |35 100 
K298 6,4 1 100} 85 1 015 
K513,6 ~1,9 ~263} 13 ~250 
Teasers tay | 4,8 892) 42 850 
L86 ,8 3100 K645,5 14 1 942) 63 1 849 
K728,95 14,8 1 663} 63 1 600 
malate 5+765, 7) +1728 ,5 ~d 817) 29 789 
K(872, 5-48 79,8) Uae? 1 406} 42 1 364 
( R962" "84.966, 4) 8,2 894] 53 801 
( £107,6 ate) HPA (6) 120 
K298 6,4 USA Uf 245 
| K405,7 1 66] 10 56 
K513,6 ~1,5 ~33| 3 ~30 
K197,0 220 1 K538 ,7 4,8 178) 6 Ae: 
K645,5 14 135} 8 APA 
| K728,5 14,8 <22| 8 14 
K(754,5-+765,7) +L728,5 ~d 132) 8 124 
\| * ®(872,5+879, 8) Te 109! 10 99 
K298 6,8 K298 6,4 P| Bs 8,6 
K298 6,4 K405,7 4 8 2 6 
K538,7 5,2 K(872,5+-879,8) Hae 9,4} 2,8 6,6 
K728,5 14,4 K (872 ,5+-879 , 8) Tig 20 4) 15 
K962,8+ 8,4 K645,5 14 10 2,8 Us 
4+K966,4 { K728,5 14,8 Satin ee 6S 


: 


energies 86.8, 107.6, 197.0, (297.7 + 298.8), 405.7, 538.7, 645.5, 728.5, (872.5 + 
+ 879.8), and (962.8 + 966.4) keV (the transition energies here and below are giv- 


‘en in accord with the measurements of Grigor'ev et alll carried out on a «/2 double 


focusing B-spectrometer, the magnetic field in which was monitored by the method 
of nuclear resonance). The energies and relative intensities of these conversion 
lines agree within the limits of the experimental error with the data of Refs.7 

& 9. It will be evident that some of the lines are complex. The dashed curves 

in Fig.3 and the following figures give the separate components. In resolving the 
complex lines we used the relative conversion electron intensities given in Ref.9. 


The resolution was carried out so that the line shape in the reduced coordinates 


would be the standard shape; in the electron energy range above 140 keV as the 


standards we used the K197.0 and K645.5 lines,the shapes of which in the reduced 


coordinates are virtually identical. 


The triangles with arrows under the spectrum 


in Fig.3 denote the energy intervals isolated in the different coincidence experi- 


ments, i.e., the energy intervals on which the constant field half of the spectro- 


meter was set (hereinafter we refer to this as the "fixed" half of the spectro- 
meter. 


The results of our experiments are summarized in Table 1 (the data have been 


normalized to the same source activity). 


The true coincidence counting rates at the line peaks in the poieeivence 


spectra differed substantially in different experiments: the coincidence rates 
varied from 6 to 35 000 coinc/hr; the counting rate in individual channels varied 


from 10% to 3-10° pulses/min. 


The ratio of true to chance coincidences varied in 
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‘igh fe aah alia 


- 1242 - 


= 


N° 10~~ p/min 
N, ene/hr 


Oy nae 


2 +-40000 


o—- —— 
— 


\ (.668)[8(2977+2985)] 


' 
| \s fd 
i 


(L 86, 8YKI970) 


—o- 
5 
a — a 
+ 


30000 | 
| 


1+-20000 


950 Ho Oec 


1730 fy} 


N, coinc/hr 


500 J 

0 U\ (xu970yfk2927+253.5)] 
t 

100 { \ 


e \ ° I 
cb t= = 125) OK Ren 
o"7050 5D SD Hp Dec Ce ed ae 
Fig.5 


Fig.4 
Fig.4. Coincidences of L86.8 electrons with K197.0 electrons. The dashed line 


indicates the section of the K197.0 conversion electron spectrum recorded by mean: 
of the "movable" half of the spectrometer. The solid line represents the coinci- 
dence counting rate. The "fixed" half of the spectrometer was set to isolate the 
section of the spectrum denoted by arrow 4 in Fig.3. 

Fig.5. Coincidences of K(297.7 + 298.8) electrons (the singles spectrum 

of which is shown by the dashed line) with the L86.8 électrons (upper 

solid curve) and K197.0 electrons (lower solid curve). ‘Fixed’ half of 

spectrometer set on energy interval indicated by arrow 5 in Fig.3. 


the range from 1.5 to 41. The weakest transition 
cascade that we were able to detect (coincidences 
of K538.7 electrons with K872.5 electrons) is re- 
alized (with respect to conversion) with a probabil: 
ty of 3-10-6 per disintegration of Hol60, 
In all we investigated 25 different cascades 
(Figs.4-13). 
/ 1. Coincidences between the L86.8 and K197.0 
d (1298 842988) conversion electrons are shown by the curve in Fig.: 
Here the fixed half of the spectrometer was set 
to accept the L86.8 line, while the "movable" half 
of the spectrometer was swept over the region of 
the spectrum where the K197.0 line is located. The 
recorded rate of true coincidences in this case 
Fig.6. Self-coincidences of (35 100 coinc/hr) was the highest encountered in 
K(297.7 + 298.8) electrons. all the experiments with Hol60, These coincidences 
are associated with the 197.0-86.8 keV cascade via 
the 86.8 keV level of the first rotational band. 
2. Coincidences between the K(297.7 + 298.8) electrons with the electrons of 


N.+1079 p/min 
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ogre: a. ¢Fig.8. Coincidences 
jelees oe S he K405.7 electrons 
S Ss prin * with K197.0 electrons. 
S N,coinc/hr | 
ie} 
Lives | ep es pot is-9. Coincidences 
yoke : | of K405.7 electrons 


with K(297.7 + 298.8) 
675 I, 4 electrons. 


/ \ ¥, , 
p | \ (AI92OUKLO5,7 
4+50 YE : the 86.8 and 197.0 keV 
\ 
\ 
2 \ 
& 


n~ 
~ 
od 


transitions are charac- 
terized by the curves 


2 4 of Fig.5. In detecting 
2100 2300 tp decw these coincidences the 
i 1000 <7 1100 1200 Ha,0ecm gases rien ayes 
oe P, Fig.8 set on 1) the L86.8 
c/hr (X197 0L1076) line (upper curve) and 
100 2) the K197.0 line 


(lower curve). These 
coincidences are evi- 
dence of existence of 
the triple cascade 


2 } Ah 


1000 1100 1200 Hp,0ecm 


N, coinc/hr 


H297 7){K405,7) 
6 I ye ee 


H! Ny 

Fig.7. Coincidences of L107.6 oF ne see ~298-197.0-86.8 keV. 
electrons (upper curve) and gu el 3. Fig.6 shows the 
K197.0 electrons (lower curve). Fig.9 K(297.7 + 298.8)- 


‘ 2 coincidences. The 
fixed half of the spectrometer was set to accept the K(297.7 + 298.8) electrons 


and some of the K310 electrons (the gate is indicated by arrow 6 in Fig.3); how- 
ever, the number of K310 electrons detected was so small that they mat be disre- 
garded. The fact that there occur these "self-coincidences” substantiates the 

complex structure of the K298 line and shows that at least two components of this 
line stem from transitions located one above the other in the Hol60 decay scheme. 

4. Fig.7 gives the curves obtained in recording coincidences of the L107.6 
electrons with the L86.8 and K197.0 electrons. The "fixed" half of the spectro- 
meter was set on the L86.8 line and on the K197.0 line, respectively. These co- 
incidences are evidence for the triple cascade: 107.6-197.0-86.8 keV. 

5. Coincidences of the K405.7 electrons with the K197.0 electrons are shown 
in Fig.8 and with the K(297.7 + 298.8) electrons in Fig.9. In the first case, the 
"fixed" half of the spectrometer was set to detect the K197.0 electrons; in the 
second case the K(297.7 + 298.8) electrons. The existence of these coincidences 
indicates that the 405.7 keV transition forms a cascade with the 197.0 keV transi- 
tion and with at least one of the components of the complex ~298 keV transition. 
Below we shall show that this is the soft 297.7 keV component. 

6. Fig.10 shows the coincidence spectra of the L86.8 electrons (curve b) and 
K197.0 electrons (curve c) with the electrons from transitions with energies from 
500 to 1000 keV. The five peaks in curve b are evidence of the following coinci- 
dences: (L86.8)-(K538.7), (L86.8)-(K645.5), (L86.8)-(K728.5), (L86.8)-[K(872.5 + 
+ 879.8)] and (L86.8)-[K(962.8 + 966.4)]. The broadening of the (L86.8) -(K538.7) 
peak to the low energy side indicates that there are also present (L86.8) -(K513. 7) 
coincidences. It will also be evident from curve b of Fig.10 that there are ap- 
preciable numbers of coincidences with the L86.8 electrons at the locations of 
the following lines in the singles spectrum (curve a): L538.7,(K(754.5 + 765.7) + 
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Fig.10 Coincidences of L86.8 electrons (curve b) and K197.0 electrons (curve c) 
with electrons with energies from 430 to 960 keV. Curve a - singles spectrum. 


+ L728.5], L(872.5 + 879.8) and L(962.8 + 966.4). Apparently, the (L86.8) - 

- [K (754.5 + 765.7) + L728.5] coincidences are complex: if one compares the ratio 
of the coincidence counting rate for (L86.8)-[K(754.5 + 765.7) + L728.5]: (L86.8)- 
-(K728.5) ~ 0.45:1 with the intensity ratio L728.5:K728.5 ~0.16:1 (Ref.9), it be- 
comes obvious that in the given coincidences there participate not only L728.5 
electrons but also electrons from at least one of the components of the K(754.5 + 
+ 765.7) doublet. 

Curve c in Fig.10 characterizes the coincidences between the K197.0 electrons 
and electrons of higher energies; in this curve there are present peaks at the 
locations of the following electron lines in the singles spectrum (curve a): 
K538.7, K645.5, K(754.5 + 765.7) and K(872.5 + 879.8). There are also evident 
rises at the locations of the L538.7, L645.5, L(754.5 + 765.7) and L(872.5 + 
+ 879.8) lines. From the shape of the (K197.0)-(K538.7) coincidence line on the 


low energy side it is evident that there are present (K197.0)-(K513.6) coinci- 
dences as well. 
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; Fig.1l Fig.12 
Fig.11. Coincidences of K538.7 electrons with K(872.5 + 879.8) electrons. 
Fig.12. Coincidences of K728.5 electrons with K(872.5 + 879.8) electrons. 


The (K197.0) - [K (754.5 + 765.7)] coincidence curve is probably complex and is 
the sum of the peaks due to (K197.0)-(K754.5) and (K197.0)-(K765.7) coincidences. 
Evidence of this is the minor but noticeable broadening of this line. Below it 
Will be shown that analysis of the rate of build up of the coincidence rate leads 
to the same inference. It will also be evident from curve c of Fig.10 that there 
are no coincidences between the K197.0 electrons and K(926.8 + 966.4) electrons. 

The results of resolution of the coincidence spectrum into individual lines 
are shown by the dashed cufves in Fig.10. In resolving the complex lines we uti- 
lize the results of quantitative analysis of the coincidences (see below). On 
the basis of the presented data it may be asserted 1) that there exist the follow- 
ing transition cascades: 513.6-197.0-86.8, 538.7-197.0-86.8, 645.5-197.0-86.8, 
728.5-86.8, 754.5-197.0-86.8 and 765.7-197.0-86.8 keV, 2) that at least one of 
the components of the 872.5 + 879.8 keV doublet forms a triple cascade with the 
197.0 and 86.8 keV transitions, and 3) at least one component of the 962.8 + 966.4 
keV doublet is in cascade with the 86.8 keV transition. 

7. Fig.11 shows the spectrum of coincidences between the K538.7 and K(872.5 + 
+ 879.8) electrons. In this case the "fixed" half of the spectrometer was set to 
detect the K538.7 line (arrow 11 in Fig.3). The admixture of K513.6 and L513.6 
electrons that could be detected by the "fixed" channel was so small that it may 
be neglected. According to the Hol60 decay scheme (Fig.2), the observed coinci- 
dences are realized between the K538.7 and K872.5 electrons, i.e., the 538.7 and 
872.5 keV y-transitions are in cascade. 

8. The observed coincidences between the K728.5 and K(872.5 + 879.8) elec- 
trons are shown in Fig.12. The ‘fixed’ half of the spectrometer detected K728.5 
electrons and a small fraction of the L645.5, K708.6, K754.5 and K765.7 electrons 

(arrow 12 in Fig.3). However, the last could not yield many coincidences with 
the K(872.5 + 879.8) electrons, as will be evident from their low intensity and 
the location of the corresponding transitions in the Hol60 decay scheme. The 
728.5 keV and at least one of the components of the 872.5 + 879.8 keV doublet 
should form a cascade. This follows from the fact that there were observed 
(K728.5)-[K(872.5 + 879.8)] coincidences. 
9. Fig.13 shows the coincidences between the K(962.5 + 966.4) electrons, de- 

tected by the "fixed" channel, and the K645.5 and K728.5 electrons. In the de- 
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cay scheme for Hol60 (Fig.2) the 645.5 and 
962.8 keV transitions and the 728.5 and 
le 966.4 keV transitions form cascades; this 
is substantiated by our experiments. 
4 | We note that the counting rates for 
slay \j ° the coincidences discussed in paragraphs 


os . 
p/min |Nio/he a f \ 
ea 3,5,7,8 and 9 above were low: the counting 
La me | b rates with the strongest sources amounted 
/ \ (KM ANKINI,O) xgniynnssy to only from 8 to 20 coinc/hr. Inasmuch, 
aye ¢ 4 4 \ however, as the ratio of true to chance co- 


incidences was always greater than one, 
there can be no doubt that the enumerated 


/ 
; gf Ou 
; 
“y7 / \ of bs Q 
/ Ned J ' coincidences actually occur. 
\ {y iM | gal 


sche wou? 00 ~ J100Hp,0e om III. Quantitative Analysis of the 
Coincidences 
Vig.lS, Coincidences of K(962.8 + 
+ 966.4) eleetrona with K645.5 and In some cases one cannot draw unambigu- 
K726,.5 electrons, Dashed line - ous deductions regarding the position of 
finglesa curve; soldd line = coinel- transitions in the decay scheme solely on 
dence curve, the basis of observed coincidences. Hence 


in using the method of coincidences to check 
a decay scheme it is important to compare the experimental counting rates with the 
counting rates (abundances) calculated on the basis of the variant of the decay 
aohene being checked, 

One oan Gompute the counting rates on the basis of a given decay scheme when 
there da available autfietent information on the intensities and multipole orders 
of the tranaitions involved in the decay of the isotope under investigation. Al- 
though the amount of information on the y-radiations emitted in the decay of Ho160 
to Dyl60 ia velatively limited, there are available sufficient precise data on the 
relative intensities of the conversion electrons of Hol69, on the internal conver- 
Aion coeffielentsa and on the relative probabilities for different branches of de- 
exoditation of the intermediate levels for calculation of the relative counting 
ratea of Goilncidences in the investigated cases. 

In order to clarity the method of calculation let us consider two transitions 
"1" and ‘g" forming a cascade. We shall designate the conversion coefficients on 
ditterent ahella ( (K, L, M, ete.) of the "1" and "2" transitions by a’, and «’ 
and the fraction of corresponding electrons in each transition by a: and ae. “The 
counting rate for coinoidences of electrons from the "1" and "2" transitions can 
be caloulated by meana of the formula 

\ 


coine Ny QigSpg@g&g&y0%, (1) 


a. 


12 
Lopes 
‘iy de the probability for the occurrence of a "2" transition after a "1" transi- 
tion (referred to one "1" transition), o: is the effective solid angle of the half 
of the speotroneter detecting the electrons of the "2" transition, « is the ef- 
flotenoy of the counter for electrons of the "2" transition, eis the efficiency 
of the ooinoidence cireult, and x is a factor taking into account the effect of 
angular correlation (this factor depends on the spins of the levels, the multipole 


omiers of the transitions, the energy and t pe of electrons and 
the inatrument), ¥ the geometry of 


Where .\; ia the counting rate for electrons of the first group, ones 
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; Table 2 
Experimental and calculated values of the counting rate of e-e coincidences 
in Hol60_,py160 decay 


7 SE 


y 


Counting rate Value of the 
coinc/Ar coefficient 

No. Coincidences ; eet 

a. s Oo convers. 

2 of clectrons, 

N,° 1073, p/min 

1 (107, 6) (£86,8) 814 918 [0,44 | 4 5,8 
2 (K197,0) (L86,8) 35 100 | 35400 |0,44 | 4 220 
er aotensienpetal bat lassi 
4 P 400,¢ ae) es 0 
5 (K538,7) (86,8) 850 750 10.44 , ie 
6 (K645,5) (86,8) 1349 | 4750 |0.44 | 4 1 
7 (K728,5) (L86,8) 4600 | 4 290 |0,44 | 0,55 14,8 
8 (L728, 5) (1.86, 8) 209 |044 | 0,55 2,4 
9 (K754,5) (L86,8) 788 222 10.44 | 4 1,4 
10 (K765,7) (L86,8) J 285 10/44 | 4 1.8 
4 (K872,5) (L86,8) \ ee 317 [0:44 | 4 2:0 
12 (K879,8) (L86,8) 902 |o44 | 4 5.7 
13 (K962,8) (L86,8) \ Bhi 728 |0\44 | 4 4,6 
14 (K966,4) (L868) 0 10,44 | 0o 4,0 
15 (1.107,6) (K197,0) 120 56 (0,14 | 0,19 5.8 
16 (K297,7) (K197,0) 245 323 10,144 | 4 6,4 
17 (K405,7) (K197,0) 56 50 014 | 4 1,0 
18 (K513,6) (K197,0) ol) 14 10:14 | 0,19 1,5 
19 (K538,7) (K197,0) 172 174 (0,14 | 0,72 4.8 
20 (K645,5) (K197,0) 127 105 (0.14 | 0,49 11,0 
24 (K728,5) (K197,0) <14 7 10:14 | 0,04 14,8 
22 (L728 ,5) (K197,0) 1 10:14 | 0,04 2,4 
23 (K754,5) (K197,0) 124 51 10.44 | 0,72 1,4 
24 (K765,7) (K197,0) gt |014 | 4 1,8 
25 (K872,5) (K197,0) \ és 101 |014 | 4 2:0 
26 (K879,8) (K197,0) 010,120 0 = 5,7 
27 (K298) (K298) 8,6 6 10/015 | 0,56 1,0 
28 (K405,7) (K298) 16 0,046 | 41 1,0 
29 (K538,7) (K872,5) “28: 4,6  |0,0034| 0,72 5,2 
30 (K538,7) (K879,8) 0 10,0034} 0 5,2 
31 (K645,5) (K962,8) as 9 |070028| 0,84 11 
32 (K645,5) (K966,4) 0 |0,0028] 0 14 
33 (K728,5) (K872,5) \ 3 0 10,0034, 0 _ 14,8 
34 (K728,5) (K879,8) 10 |0,0034} 0,55 14,8 
35 (K728,5) (K962,8) \ dees 0 10,0028] 0 14,8 
36 (K728,5) (K966,4) 6,7 10,0028] 0,45 14.8 


It is assumed in Eq.(1) that the lifetime of all the intermediate levels is 
much shorter than the resolving time of the coincidence circuit. This condition 
was always fulfilled in our experiments. The longest lifetime, apparently, is 
that of the 86.7 keV state: according to the data of McGowan27 , its lifetime T = 
= 1.8-107-9 sec. The resolving time 2tT of our coincidence circuit was ~1°10-8 sec 
in all the experiments except those involving coincidences with the L86.8 elec- 
trons in which case the resolving time was increased to 2-1078 sec. In addition, 
in derivation of (1) it is assumed that the conversion lines for which the elec- 
tron coincidences are being determined do not overlap at all. 

The coincidence counting rates determined experimentally and calculated by 
means of Eq.(1) are listed in Table 2. In designating the coincidences (colum 
2) the electrons of the first group are given in the first parentheses; the elec- 
trons of the second group in the second parentheses. In Table 2 we also list the 
values of the coefficients O79 and 6:1. and of the counting rate Ni for electrons of 
the first group. The values of a, are known for the 86.8, 197.0, 298.8, 879.8, 
962.8 and 966.4 keV transitions. According to the most accurate measurements25 ,28, 
carried out with a Tb16° source, the experimental values of the internal conversion 
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coefficients for these y-transitions (except for the 298.8 keV pence aoe: 
within 10% with the theoretical values for E2 transitions (the 298. e x a 
tion is El). As for the 297.7 and 872.8 keV transitions, occurring pre e 
gt ¢ at and 4+ & 4+ rotational levels (see Fig.2), it may be inferred that ey 
are also E2. On the basis of these data one can calculate the coefficients Gz. 
i tigated cases of coincidences. 

a Pa RH the probabilities 612, the values of which depend on the rela- 
tive location of the transitions in the decay scheme, one must know the relative 
intensities of the transitions de-exciting the intermediate levels of the soi 
Inasmuch as at present there is a lack of adequate data on the y-spectrum of Ho ; 
we calculated the relative intensities of the y-transitions from the intensity of 
the conversion electrons”? and the corresponding internal conversion coefficients 
(Refs.25,28). In Fig.2 together with the energies and multipole orders of the 
transitions, we show in parentheses the relative intensities of the transitions 
used in calculating the 6,. 

Using these values we find, for example, for the (K645.5) -(K197.0) coinci- 
dences (No.20 in Table 2): 


6645.5; 19750 ae 645,53 765,70765,7 197,09 


I 3.9 
ba 765,7 Pa hee ee 
S6a5,5; 765,7 = the + Togo, 3,9-+416.4 0.4 


(19% of the 645.5 transitions are followed by a 765.7 keV transition) , 6765,73197,0 
= 1 (a 197.0 keV transition always follows a 765.7 keV transition) , and 6645,5;197,0 
= 0.19 (in 19% of the cases a 645.5 keV transition is followed by a 197.0 keV 
transition). 

In Table 2 we also list the experimental counting rates for electrons of the 
first group. In the case of complex lines, the resolution of the components was 
carried out according to the data on the relative intensities of the conversion 
electrons given in Ref.9. 

The product of the efficiencies ¢-e1:: in our experiments may be regarded as 
constant: as was mentioned in Refs.26 & 29, the efficiencies ¢2 and ei: in our in- 
strument are virtually energy independent above 40 keV. 

In comparing experimental counting rates with calculated rates it must be 
borne in mind that, owing to electron scattering in the source, conversion lines 
of low energy are broadened, which leads to decrease of the counting rate at the 
line peak. In our experiments, in recording the softest electrons (L86.8) this 
effect attained ~35%, which is equivalent to a like reduction of the effective 
solid angle o. To be able to regard the product g2e212 in Eq.(1) as constant, 
we introduced appropriate corrections to the experimental counting rates for elec- 
trons and coincidences. The experimental values given in Tables 1 and 2 have been 
corrected in this way. 

The factor x, taking into account the influence of angular correlation, equals 
1 for an isotropic distribution of the direction of emergence of one electron rela- 
tive to another. The values of x for the case of coincidences between K conver- 
sion electrons can be calculated using the data of Biedenharn & Rose30, Calcula- 
tions carried out for the different cases of coincidences investigated in the 
present experiment showed that x varies in the range from 0.75 to 1.23. It must 
be borne in mind that owing to multiple scattering of electrons in the source and 
backing the angular dependence for low energy electrons is smeared out and x ap- 
proaches 1. Inasmuch as in our experiment the sources were of different thickness 
and it was impossible to take into account the effect of smoothing out of the angu- 
lar anisotropy, in calculating the coincidence counting rate we assumed x = 1, 


- 1249 - 


The errors involved in this assumption do not exceed 20% and virtually do not 
alter the inferences drawn from comparison of the calculated and experimental 
counting rate. The question to what extent the experimental counting rates agree 
with the calculated coincidence counting rate is discussed below. 


IV. Discussion of the Results and Hol60 Decay Scheme 


1. Coincidences between the conversion electrons from the 86.8, 197.0 
and 297,7 keV transitions in the first rotational band 


As was noted above, the fact that there are (L86.8)-(K197.0) , (L86.8)- 
{K(297.7 + 298.8)] and (K197.0)-[K(297.7 + 298.8)] coincidences proves that the 
86.8 and 197.0 keV transitions and at least one of the components of the ~298 keV 
doublet form a triple cascade. There can be little doubt that the 86.8 and 197.0 
keV transitions are located between the lowest levels of Dy160, This was estab- 
lished in the first studies of the decay of Tb150 py the method of y-y and B-¥ 
coincidences14-23 | and also follows from the intensity balance? of the transitions 
in the decay of Hol60 and, moreover, is consistent with the model concept for ro- 
tational transitions in even-even nuclei in this mass number region. 

The situation is more complicated when it comes to the ~298 keV transition. 
The complex structure of the K298 line was noted in one of the early investiga- 
tions of the conversion spectrum of HolS°0 (Grigortev et al? - 1958). Subsequent- 
ly (1960), it was substantiated by studies carried out on instruments with higher 
resolution: Grigor'ev et alll detected the doublet structure of the line by means 
of a magnetic spectrometer and gave the transition energies as 297.7 and 298.8 keV; 
Abdurazakov et all? evaluated the transition energies as 297.7 and 299.0 keV. 
Grigor'ev et al reported that the soft component of the K298 doublet is 3-6 times 
more intense than the hard component. 

In the Hol60-»py160 decay scheme (Fig.2) there are level energy differences 
of about 298 keV at three points, namely, between the 1563 and 1264.9 levels (dif- 
ference 298.1), between the 1264.9 and 966.5 keV levels (difference 298.4) and be- 
tween the 581.4 and 283.7 keV levels (difference 297.7 keV). The 581.4 keV level 
is the expected 6+ third level of the first rotational band. Given the datall on 
the energies of the transitions in Dyl60 , the theory of axial deformed nuclei pre- 
dicts a value of 586 keV for the energy of this level, while the theory of non- 
axial nuclei yields 597 keV. Obviously, these values are close to the sum 283.7 + 
+ 298 = 581.7 keV. 

It follows from our experiments that the more intense component of the com- 
plex K298 line is associated with the transition between the 581.4 (6+) and 283.7 
keV (4*) rotational levels. This follows from the intensity of the (K298) -(K197.0) 
coincidences: the corresponding transitions in the rotational band are in cascade, 
using Eq.(1) one can calculate the coincidence counting rate on the basis of the 
intensity of the K298 electrons and the value of Q, for the 197.0 keV transition. 
The calculated value given in Table 2 (No.16) - 323 coinc/hr - was obtained on 
the assumption that all the K298 electrons are emitted in the transition between 
the 581.4 and 283.7 keV levels. 

It can be shown that K298 electrons emitted in transitions between high ly- 
ing levels virtually will not give (K298) -(K197.0) coincidences, for de-excita- 
tion of the upper levels occurs mainly via the 966.5 keV level and it de-excites 
in such a way that the 197.0 keV transition occurs in few cases. Let us assume 
that the 298 keV transition is realized only 1) between the 1264.9 and 966.5 keV 
levels or 2) between the 1563 and 1264.9 keV levels. In the former case (K298)- 
-(K197.0) coincidences can be realized through the intermediary of the 684.1 keV 
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in the latter case mainly via the 215.6 and hos keV cascade. ee 
the known relative intensities of the transitions de-exciting the 966.5 ea 1 7 
keV levels, we can calculate the counting rate for (K298)-(K197.0) coinc le 
for both alternatives. In the former case we obtain a value of 1.6 SoISSa n 
the second case 7 coinc/hr. These rates are much lower than the experimenta 
counting rate of 245 coinc/hr. A similar situation was encountered in investi- 
gating the decay of Tp160. here the 298 keV transition occurs pe” solely 
between high lying levels and few 298-197 coincidences grosObSenveds 

Thus, it may safely be asserted that the 581.4 keV (6*) level is excited in 
the decay of Hol60 and that the most intense component of the complex BOA Ee! + 
+ 298.8) line is evinced in de-excitation of this level to the 283.7 keV (4+) 1 Ne 
el. The intensity of the K297.7 component amounts to ~70% of the total intensity 
of the K298 electrons. 

This assertion is further substantiated by the following facts. 

1. The intensity ratio J/x//, = 3.4 observed’ for the 298 keV transition in 
the decay of Hol®9 is closer to the value for an E2 type transition, whereas in 
the decay of Tb160, where apparently the 581.4 keV (6+) level is not excited, we 
have Jx«/I, = 6.7 and Qx (7v298) = 1.3°1072 (Ref.25), i.e., values in good agree- 
ment with the theoretical ones for El transition. 

2. If in the decay of Tb!®° there occurs a 298 keV transition between the 
1264.9 and 966.5 keV levels, the 215.6 keV transition competes with it. Compar- 
ing the intensities of the K298 and K215.6 electrons in Tb169 and Hol60, we ob- 
tain I jog : Ixois¢ = 20721 for Th160 (Ref.25) and Ios : [xo15,6 = 10:1 for Hol60 (Ref. 
9), i.e., in Hol60 the intensity ratio is 3.7 times higher than in Tb160, Hence 
in the decay of Hol60 ~70% of the K298 electrons originate not in the transition 
between the 1264.9 and 966.5 keV levels but elsewhere. 


transition; 


2. Coincidences between the electrons of the components of the complex 
298 keV transition. Structure of the K298 line 


Above it was shown that the K298 line is a doublet and that the most intense 
component is evinced in the transition between the 6+ and 4+ levels of the first 
rotational band. It was also noted that the second, weaker component may be emit- 
ted in the transition between the 1264.9 and 966.5 keV levels or/and the transi- 
tion between the 1563 and 1264.9 keV levels. 

Actually, the K298 line is apparently a triple one. The hypothesized struc- 
ture of this line in the decay of Hol60 is shown in the upper part of Fig.14. 
This structure follows from the occurrence of '"self-coincidences" of the K298 
electrons. The softest component (K297.7), which appears in the 581.4 (6+) —> 
283.7 keV (4+) transition, cannot give rise to a substantial number of (K298)- 
-(K298) coincidences, inasmuch as the multipole orders of the intermediate 1264.9 
(27) 581.4 (6+) and 966.5 (2+)-3581.4 (6+) transitions (Fig.2) are very high and 
these transitions are not observed. Hence the (K298)-(K298) coincidences must be 
attributed to two transitions between high lying levels. If we assume that these 
transitions are in direct cascade and use the relative intensities of the three 
branches of de-excitation of the 1264.9 keV state and the conversion coefficient 
for the 298 keV y-transition in the decay of Tbl60, we can calculate the counting 
rate for (K298)-(K298) coincidences. 

The results of these calculations are given in Table 2 (No.27). In the cal- 
culations it was assumed that there are involved in the cascade 30% of all the 
K298 electrons (15% in the upper and 15% in the lower parts of the cascade). The 
listed counting rate (6 coinc/hr) is necessarily approximate, but, as will be seen 


it is not in conflict with the experimental rate of 8.6 coinc/hr. 
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<Fig.14. Hypothesized structure of the K298 triplet in Hol60 
and Tb160, The relative location of the lines is taken 
from the work of Grigor'ev et alll, The intensity ratios 
g®! b:c in Hol60 and a: in Tbl60 are not known but a:(6+0) = 
= 3-6 in Hol60 and «+ d)<c in Thl60, 
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12649 —> 9665 


The situation in the decay of Tbl60 is, apparently, dif- 
ferent (Fig.14, lower part); here the most intense component 
of the triplet is the one associated with the transitions be- 
tween the 1264.9 and 966.5 keV levels. From the high abun- 
dance of (v298)-(y880) and (7298)-(7966) coincidences18,21,23, 
the low intensity of (7v298)-(7v197) coincidences?! and the ab- 
7 sence of (6859)-(7298) coincidencesl8,20,21 it follows that 

the 298 keV y-transition occurs between high lying levels. 

From occurrence of (8570)-(y298) coincidences!8-21 it follows 

that the 298 keV transition is a transition between the 1264.9 
a b and 966.5 keV levels (the 859 and 570 keV components of the 
B-spectrum in the decay of Tb16° to Dy160 feed the 966.5 and 
1264.9 keV levels, respectively.) 


2917 
(2981) 
(2984) 


So 


3. Coincidences of electrons from the 765.7, 872.5, 879.8, 962.8 and 966.4 keV 
transitions between levels of the two rotational bands with electrons 
of the 86.8 and 197.0 keV transitions 


In our experiments the conversion electron lines from the 872.5 and 879.8 
keV transitions and from the 962.8 and 966.4 keV transitions were not separated 
from each other and in detecting K765.7 electrons there were simultaneously count- 
ed K754.5 and L728.5 electrons. Hence merely the fact that there were observed 
coincidences of these electrons with the L86.8 and K19710 electrons does not solve 
the question which of the components of the (962.8 + 966.4), 872.5 + 879.8) and 
(754.5 + 765.7) keV doublets form cascades with the 86.8 and 197.0 keV y-transi- 
tions. 

Comparing the experimental coincidence counting rates with the calculated 
rates (Table 2), we see that there is obtained good agreement under the following 
assumptions: 

1. Of the components of the 962.8 + 966.4 keV doublet only one (apparently 
the softer one) is in cascade with the 86.8 keV transition (Nos.13 & 14 in Table 
2) and the observed (L86.8)-[K(962.8 + 966.4)] coincidences must be interpreted 
as (L86.8)-(K966.4) coincidences. 

2. Both components of the 872.5 + 879.8 keV doublet form cascades with the 
86.8 keV transition (Nos.1l & 12 in Table 2), but only the softer component is 
also in cascade with the 197.0 keV transition (Nos.24 & 26). Hence the observed 
(L86.8)-[K(872.5 + 879.8)] coincidences must be interpreted as (L86.8) -(K872.5) 

& (L86.8)-(K879.8) coincidences, and the (K197.0)-{K(872.5 + 879.8)] coincidences 
must be interpreted as (K197.0)-(K872.5) coincidences, 

3. The 765.7 keV transition is in cascade with the 86.8 and 197.0 keV transi- 
tions (Nos.10 & 24). More detailed analysis of the counting rates of coinciden- 
ces of the (K754.5 + K765.7 + L728.5) electrons with the L86.8 and K197.0 elec- 
trons will be given below. 

In calculating the coincidence counting rates in all three cases it was as- 
sumed that the 765.7, 872.5, 879.8 and 962.8 keV transitions are always followed 
by an 86.8 or a 197.0 keV transition (d12= 1), i.e., that the 765.7, 872.5, 879.8 
and 962.8 keV y-transitions feed levels of the first rotational band. Hence it 
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follows from our results that the 765.7 and 872.5 y-transitions go to the 283.7 
keV level, the 879.8 and 962.8 keV y-transitions go to the 86.8 keV level, and 
the 966.4 keV transition goes to the ground state of Dy160, 

Thus, by the method of e-e coincidences we have established ene existence of 
excited states with energies 966.5 (2+), 1049.5 (3t) and 1156.4 (4%) keV in full 
agreement with the accepted decay scheme for Hol60, 

Earlier experiments on y-y, B-y (Refs.18-23) and e-y (Ref. 28) coincidences 
in the decay of Tb16° to Dy160 led to analogous inferences regarding the location 
of the 879.8, 962.8 and 966.4 keV y-transitions in the scheme for Dy on 1le 
872.5 keV transition is not excited in the decay of Tbp160, 


4. Coincidences of K754.5 electrons with L86.8 and K197.0 electrons 
&. Coincidences OF ee) ee 


As noted under Section II above, the small broadening of the peak of (K197.0) - 
[K(754.5 + 765.7)] coincidences leads to the inference that these coincidences are 
actually the sum of (K197.0)-(K754.5) + (K197.0)-(K765.7) coincidences. Compari- 
son of the experimental coincidence counting rate with the calculated one leads 
to the same deduction. 

In the decay scheme for Hol60 (Fig.2) an energy difference of ~755 keV is 
encountered at two points, namely, between the 1909 and 1156.4 keV levels and be- 
tween the 1722 and 966.5 keV levels. For either location of the 754.5 keV 7- 
transition there may arise (K197.0)-(K754.5) coincidences, but their probability 
will be different in the two cases. 

In Table 2 we list the calculated (K754.5)-(K197.0) (No.23) and (K754.5)- 
(L86.8) (No.9) coincidences calculated on the assumption that the 754.5 keV tran- 
sition is located between the 1909 and 1156.4 keV levels. In this case the 
(K754.5)-(K197.0) coincidences are realized by the intermediary of the 872.5 y- 
transition and the (K754.5)-(L86.8) coincidences occur through the 872.5 + 197.0 
and 1069.7 keV y-transitions. In this case the sum of the calculated counting 
rates for (K754.5)-(K197.0) + (K765.7)-(K197.0) + (L728.5)-(K197.0) coincidences 
equals 51 + 91 + 1 = 143 coinc/hr (Nos.22, 23 & 24), and the rate for (K754.5)- 
(L86.8) + (K765.7)-(L86.8) + (L728.5)-(L86.8) coincidences equals 222 + 285 + 
+ 209 = 716 coinc/hr (Nos.8, 9 & 10), which is in good agreement with the experi- 
mental counting rates: (K754.5 + K765.7 + L728.5)-(K197.0) = 124 coinc/hr and 
(K754.5 + K765.7 + L728.5)-(L86.8) ~ 788 coinc/hr. 

If the 754.7 keV transition occurs mainly between the 1722 and 966.5 keV 
levels, there would be very few (K754.5)-(K197.0) coincidences owing to the low 
probability for de-excitation of the 956.5 keV level by the 684.1 keV transition 
(612 = 0.01; calculations lead to a coincidence rate of 0.7 coinc/hr). The ex- 
perimental counting rate for K(754.5 + 765.7) -(K197.0) coincidences in this 
case turns out to be 40% greater than the calculated rate, which exceeds the ex- 
perimental error. 


Hence we consider it more probable that the 754.5 keV transition occurs main- 
ly between the 1909 and 1156.4 keV levels. 


5. Coincidences with electrons from the 728.5, 645.5 and 538.7 keV transitions 


In the accepted decay scheme for Hol60 (Fig.2) transitions of energies 728.5 
645.5 and 538.7 keV are evinced in de-excitation of the 1695.0 keV (4+) level to 
the levels of the second rotational band. In Table 2 we list the counting rates 
for coincidences of the K728.5, K645.5 and K538.7 electrons with the L86.5 elec- 
trons (Nos.7,6 & 5, respectively) and with the K197.0 electrons (Nos.21, 20 & 19); 
these were calculated for the above described location of the 728.5, 645.5 and ; 
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938.7 keV transitions. Comparing the calculated and experimental coincidence 
counting rates we find good agreement. The low rate for (K728.5)-(K197.0) coinci- 
dences (No.21) is in accord with the low probability for de-excitation of the 
966.5 keV level by the 684.1 y-transition ($2 = 0.01). 


In agreement with the decay scheme for Hol®9 one can then interpret the ob- 
served coincidences of the K728.5, K645.5 and K538.7 electrons with the electrons 


of the 872.5 + 879.8 keV and 962.8 + 966.4 keV doublets as follows: 


(K728.5)-[K(872.5 + 879.8)] = (K728.5)-(K879.8) ; 
(K728.5)-{K(962.8 + 966.4)] = (K728.5)-(K966.4); 
(K645.5)-[K(962.8 + 966.4)) = (K645.5)-(K962.8); 
(K538.7)-[K(872.5 + 879.8)] = (K538.7)-(K872.5). 


It will be evident from a comparison of the calculated coincidence counting 
rates with the experimental ones (Nos.29-36) that this interpretation is not in- 
consistent with experiment. 

Thus we have proved the existence of the following y-transition cascades de- 
parting from the 1695.0 keV level: 


728 .5-879.8-86.8 keV, 645.5-962.8-86.8 keV, and 
728.5-966.4 keV, 538.7-872.5-197.0-86.8 keV. 


6. Coincidences of K405.7 electrons with the electrons from the 
197.0 and 297.7 keV transitions 


In the decay scheme for Hol60 a level energy difference of ~406 keV is en- 
countered in two locations, namely, between the 1563 and 1156.4 keV levels and be- 
tween the 1695.0 and 1289 keV levels. The 1289 keV level is presumably the 5t 
type level of the second rotational band. Using the data of Grigor'ev et alll, 
the Bohr-Mottelson theory gives an energy of 1284 keV for this level, while the 
Davydov-Filippov theory leads to a value of 1312 keV. Our data on the coinciden- 
ces of the K405.7 electrons with the K197.0 and K298 electrons allow of deciding 
which of these two variants for the location of the 405.7 keV level in the Dy1l60 
diagram is realized in the decay of Hol60, 

A. (K405.7) -(K197.0) coincidences. In both locations of the 405.7 keV tran- 
sition there should be observed coincidences of the electrons from the 405.7 keV 
transition with the electrons associated with 197.0 keV transition in the first 
rotational band. For a different location of the 405.7 keV transition (K405.7)- 
-(K197.0) coincidences may arise in the following cascades: 

a) 405.7-708.6-297.7-197.0-86.8 keV (100% 197.0 keV transitions after the 
405.7 keV transition), 

b) 405.7-872.5-197.0-86.8 keV (70% 197.0 keV transitions after the 405.7 keV 
transition). 

The experimental counting rate for (K405.7)-(K197.0) coincidences agrees with 
that calculated on the assumption that every 405.7 keV transition is followed by 
a 197.0 keV transition (experimental rate - 56 coinc/hr; calculated rate - 50 co- 
inc/hr; No.17 in Table 2). 

We are inclined to give preference to cascade a) and, consequently, the high- 
er location of the 405.7 keV transition due to the fact that there are observed 
(K405.7)-(K298) coincidences (in the case of cascade b) these coincidences should 
not occur). 

B. K(405.7)-(K298) coincidences. If the 405.7 keV transition is located be- 
tween the 1695.0 and 1289 keV or 1563 and 1156.4 keV levels there would not be 
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realized coincidences of the K405.7 keV electrons with the electrons of those 
components of the 298 keV triplet which occur in the upper part of the decay 
scheme (1563-391264.9 and 1264.9-»966.5 keV transitions). There can, however, 
be realized coincidences between the K405.7 keV electrons and the K297.7 elec- 
trons from the transition in the first rotational band. 

If the 405.7 keV transition occurs between the 1695.0 and 1289 keV levels, 
the (K405.7)-(K297.7) coincidences should occur by the intermediary of the 708.6 
keV transition, which was observed (by detection of conversion electrons) in the 
work of Ref.9. In case of location of the 405.7 keV transition between the 1563 
and 1156.4 keV levels, (K405.7)-(K297.7) coincidences should be realized only in 
the presence of a transition or transitions linking the 1156.4 (4+) and 581.5 keV 
(6+) levels. However, a cross-over transition with an energy of ~575 keV has not 
yet been observed. If it existed but had a low intensity, de-excitation of the 
1156.4 keV level would take place past it (primarily by means of the 872.5 keV 
transition) and virtually no (K405.7)-(K297.7) coincidences would be observed. 
Hence we feel it more probable that the 405.7 keV transition is located between 
the 1695.0 and 1289 keV levels. 

The counting rate for (K405.7)-(K297.7) coincidences in our experiments 
amounted to 6 coinc/hr. If one calculates the counting rate for these coinciden- 
ces according to the cascade a) (see under A above) on the assumption that the 
1289 keV level is de-excited only by the 708.6 keV transitions, one obtains a 
value of 16 coinc/hr (No.28 in Table 2). The depression of the experimental 
counting rate as compared with the calculated (by about 1:2.5) can be connected 
with the existence of a transition between the 1289 (5+) and 283.8 keV (4*) lev- 
els with an energy of 1005.2 keV and an intensity of the same order of magnitude 
as the intensity of the 708.6 keV transition. Such a transition may have escaped 
detection. In the conversion electron spectrum of Hol60 the K1005.2 and L962.8 
lines should have a separation of only 2 keV, and to explain the observed diver- 
gence it is sufficient to assume that the K1005.2 line exists but is considerably 
weaker than the L962.8 line (/z962,8/lm9 =~ 5 (Ref.9))}. If this assumption is cor- 
rect, it then follows from our data that the 1289 keV level is de-excited 40% by 
the 708.6 keV transition and 60% by the 1005.2 keV transition. This is not in 
conflict with theory: the Bohr-Mottelson theory taking into account mixing of the 
K = 0 and K = 2 states3l gives a value of ~30:70 for the intensity ratio of the 
708.6 (5t—»6+) and 1005.2 keV (5*-—»4+) transitions. 

It was established by Ewan et a128 that in the decay of Tb160 there is ex- 
cited a 1286.5 keV (37) level, which de-excites by 1199.8 and 1002.7 keV transi- 
tions to the 86.7 (2+) and 283.7 keV (4+) levels. Probably the 1286.5 keV level 
is also excited in the decay of Hol60, inasmuch as there was observed (conversion 
electrons) a 1200 keV transition.? In this case there may be realized a 408.5 
keV transition between the 1695.0 (4+) and 1286.5 keV (37) levels. However, the 
K408.5 keV electrons cannot yield coincidences with electrons of the K298 triplet. 
Coincidences of the K408.5 electrons with the K297.7 electrons of the first rota- 
tional band can in principle be realized by the intermediary of a 705.1 keV tran- 
sition (1286.5 (37)-»581.4 keV (6+)). But the 705.1 keV transition should be a 
transition of high multipole order. No transition of this energy is observed in 
the decay of Tb160 and the probability for de-excitation of the 1286.5 keV level 
ee Oe oi transition is negligibly small. Hence introduction of a 1286.5 keV 

evel will change nothing signific 
served (405.7) - (K298) ees anh gin) Chass boves? XtenDretat 17 iota a a 
: etna ae Cr ereaciae ee data that in the decay of Hol®0 there is excited 
y be interpreted as the 5+ level of the second rotation- 
al band, and the observed 405.7 keV y-transition occurs at least partially in de- 
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excitation of the 1695.0 keV level to this level. 
7. Coincidences of L107.6 electrons with L86.8 and K197.0 electrons 
ee ee ee and Bie electrons 


In Ref.7 it was inferred that the 107.6 keV transition occurs between the 
1156.4 (4+) and 1049.5 kev (3+) levels of the second rotational band. The count- 
ing rates for (L107.6)-(L86.8) and (L107.6)-(K197.0) coincidences for this loca- 
tion of the 107.6 keV y-transition are shown in Table 2 (Nos.1 & 15). It will 
be noted that in the case of the (L107.6)-(K197.0) coincidences the experimental 
and calculated rates differ by a factor of 2 (experimental rate: 120 coinc/hr; 
calculated rate: 56 coinc/hr). The difference is greater than the estimated ex- 
perimental error (~30%) and gives reason to question the inferred location of the 
107.6 keV transition between the 1156.4 and 1049.5 keV rotational levels. 

The 107.6 keV y-transition is a relatively intense one. Hence it is strange 
that there are not observed other transitions between the levels of the second 
rotational band, for example, a 1156.4 (4+)~966.4 keV (2t) transition. 

An energy difference close to 108 keV is also encountered in the Hol60 decay 
scheme between the 1264.9 (27) and 1156.4 keV (4+) levels. However, location of 
the 107.6 keV transition between these levels in the decay scheme for Hol60 is 
in conflict with the data obtained in studying the decay of Tb160, No transition 
of 107.6 keV energy in Tb19° was ever observed, whereas 215.6 and 1177.6 keV tran- 
Sitions departing from the 1264.9 keV level are observed, and the intensity of 
their conversion lines in the decay of Hol69 is an order of magnitude lower than 
the intensity of the L107.6 electrons. 

Inasmuch as so far no other coincidences with the electrons of the 107.6 keV 
transition have been observed, the question of its location in the decay scheme 
remains open. 


Conclusions 


Summarizing the results of our measurements, it may be said that they in 
general substantiate the decay scheme for Hol60 proposed by Grigor'ev et al7»9, 

We showed that in the decay of Hol60 there are excited the rotational levels 
581.4 (6+) and 1289 keV (5*). 

It follows from our experiment that the 405.7 keV transition is realized, at 
least partially, between the 1695.0 (4+) and 1289 keV (5*) levels and that loca- 
tion of the 754.5 keV transition between the 1909 and 1156.4 keV levels is more 
reasonable and probable than between the 1695.0 and 966.5 keV levels. 

It follows from analysis of the coincidence spectra that the K298 line is a 
triple one. The most intense component (~70%) is associated with the transition 
between the 581.4 (6+) and 283.7 keV (4+) levels of the ground state rotational 
band. The other two components pertain to transitions located in the upper part 
of the decay scheme: one is probably a transition between the 1264.9 (27) and 
966.5 keV (2t) levels and the second a transition between the 1563 and 1264.9 keV 
(2-) levels. 

Our experiments substantiate the earlier inferences that in the decay of Ho 
there are excited levels at 966.5 (2+), 1049.5 (3), 1156.4 (4+) and 1695.0 keV 

4+ ° 
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COINCIDENCES BETWEEN CONVERSION ELECTRONS OF THE DYSPROSIUM FRACTION 
FROM PROTON BOMBARDED TANTALUM 
~ B.S.Dzhelepov. I.Zvol'skii, M.K.Nikitin & V.A.Sergienko 


We investigated coincidences between the conversion electrons emitted by the 
dysprosium fraction separated from a tantalum target bombarded with 660 MeV pro- 
tons. The measurements were carried out on the twin lens B-spectrometer described 
in Ref.1, and were started 20 hours on the average after the end of bombardment. 

In earlier studies2-4 devoted to the dysprosium fraction in the spallation 
products of tantalum it was established that there are present in this fraction 
Dy isotopes with A = 152, 153, 155, 157 and 159. In our experiments by the time 
of separation of the fraction short-lived (2.6 hr) Dy152 had almost completely 
decayed; as for Dy159 (T = 144 days), in the case of 3-4 hr bombardment of the Ta 
target the amount of this isotope is too small for its activity to be detectable 
by our instrument. 

Thus, in our measurements there were observed the conversion electrons of 
Dy157 (T = 8 hr), Dyt55 (T = 10 hr), Dy!53 (T = 6.4 hr) and of the daughter nu- 
clides Tb155 (T = 5 days) and Tb153 (T = 62 hr). 

The conversion electron spectrum of the dysprosium fraction comprises a large 
number of lines. The resolution of our spectrometer (3.5%) was inadequate for 
the separation of many of these lines, which naturally complicated analysis of the 
coincidence measurement results. 

The part of the conversion electron spectrum that was investigated in the 
present work is shown in Fig.1; this spectrum was recorded by means of one half 
of our instrument. The thin vertical bars in the figure show the positions and 
relative intensities of the individual conversion lines according to the data of 
Ref.5. 

Our measurements were carried out over a period of some 20 hours after sepa- 
ration of the dysprosium fraction. During this time, naturally, there built up 
some amount of Tb155 and Tb153, so that part of the detected coincidences could 
pertain to the decay of these isotopes. In order to separate the coincidences as- 
_ sociated with the decay of Dy to Tb all the measurements were repeated after the 
passage of 4 to 8 days to allow for decay of the Dy isotopes. The coincidence 
curves pertaining to Dy-»Tb were then obtained by subtraction. These are shown 
in Figs.2,3,5,6,7,9 and 10 by the heavy solid lines. The dashed curves in these 
figures represent the sections of the singles spectrum recorded by the first half 
of our spectrometer (hereinafter we refer to this as the "movable" half or chan- 
nel, to distinguish it from the "fixed'' half). Inasmuch as the shape of these 
curves depends on the time elapsed from the end of bombardment of the Ta target 
and the time elapsed after separation of the dysprosium fraction, these dashed 
curves do not fully agree with the singles spectrum shown in Fig.1. The energy 
intervals isolated in the different experiments by the "fixed" half of the spec- 
trometer are indicated by the triangles and arrows in Fig.1. 


Coincidences between conversion electrons emitted in Dy157--Th157 decay 


The conversion electrons, first detected by Mihelich et al® in investigating 
the decay of Dy157, were also observed®~? in the conversion electron spectrum of 
the dysprosium fraction. The corresponding transitions have energies of 60.77, 
83.01, 143.9, 182.5, 265.5 and 326.4 keV (the transition energies here and below 
are given on the basis of the results of the work of Ref.5, carried oul, by means 
of a double-focusing nJ2 B-spectrometer with measurement of the magnetic field by 
the method of nuclear resonance). Harmatz et al8 also mentioned transitions of 
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5945, 554 and 576 keV energy which, however, 
so far have not been accomodated in the de- 


153 
153 
157 


ase cay scheme for Dy157, Possibly some of 
SVSssss 2 these transitions are identical with the 
Ne 10 Aire Roce Ae sala transitions observed in the work of Ref.5 
Ai nin Llcoine/hr | | SNSs 3S in the decay of the dysprosium fraction iso- 
Pal, St SS ie topes (the relatively weak electron lines: 
2 ! \ nat K544.7 (T = 6.2 + 2 hr), K549.9 (T = 10.8 + 
2 | , (60778301) eer), hoo9.2 .(fe= 6.492 S*hr)* and K570-8 
SoBe) (60 77)(M83.01)+ (T + 12 hr). 
= , +(L65,40LI90,40) In the present work we investigated co- 
= ! incidences between the most intense lines 
x= 


of Dy157, namely, L60.77, K83.01, L83.01, 
K182.5 and K326.4. It was established that 
the following electrons coincide as regards 
time of emission (resolving time of our co- 
incidence circuit 2tT ~ 1078 sec): L60.77 
with L83.01, L60.77 with K182.5, and K182.5 
with K83.01 and L83.01. There were detected 
no coincidences of the K326.4 electrons with 


850 950 1050 Hp, 0ecn the L60.77, L83.01 and K182.5 electrons. 
The spectrum of (L60.77) (183.01) coin- 
Fig.2. Coincidences with Dy157 cidences is shown in Fig.2. In this case 
L60.77 + Dy155 165.40 electrons. the "fixed" channel of the spectrometer de- 
Solid curve - coincidence counting tected the Dyl57 L60.77 electrons and some 
rate; ‘'fixed" half of the spectro- fraction of the Dy155 165.40 electrons (tri- 
meter set on the energy interval angle 2 in Fig.1). Hence the peak in Fig. 
indicated by arrow 2 in Fig.l. The 2 in the region of the Dy153 180.84 + Dy153 
dashed line shows the singles con- L82.48 + Dy157 183.01 line group belongs to 
version electron spectrum recorded Dy157 (L60.77) (L83.01) coincidences. The 
at the same time by means of the other two peaks in the coincidence curve in 


"movable" half of the spectrometer; the regions of the Dy155 k115.6 + Dy1955 
inasmuch as it contains lines belong- M65.40 and Dy153 mM80.84 + Dy153 M82,48 + 
ing to Dy and daughter Tb isotopes + Dy157 M83.01 + Dy155 190.40 + Dy153 193.0 
with different periods, the shape of lines correspond to Dy155 (L65.40) (K115.6) 
this spectrum depends greatly on the and Dy1l55 (L65.40) (L90.40) + Dy157(L60.77) 
history of the source. (M83.01) coincidences. 

Coincidences of K182.5 electrons with 
L60.77 and K83.01 electrons of Dy!5’? are shown in Fig.3. In this case the "fixed" 
half of the spectrometer was set on the energy interval indicated by triangle 3 
in Fig.1 and hence detected by Dy!’ K182.5 and Dyl55 K184.5 electrons and parti- 
ally the Dyl57 1143.9, Dy153 1147.5 and Dyl53 1149.0 electrons. In Fig.3 in the 
regions of the K83.01 and L60.77 conversion lines there are evinced peaks pertain- 
ing to Dy157 (k83.01) (K182.5) and (L60.77) (K182.5) coincidences. 

On the basis of our results one can draw the following inferences regarding 
the decay scheme of Dy1957; 

1. The 182.5, 83.01 and 60.77 keV y-transitions form a triple cascade. 

2. The 326.4 keV transition is located parallel to this triple cascade in 
the Dy157 decay scheme. This is indicated by the following facts: a) the energy 
of this transition is close to the sum of the three cascade transitions, and b) 
no coincidences between the K326.4 and L60.77, K83.01 or K182.5 electrons were 


detected despite a careful search. 


3. In view of the fact that the 326.4 keV transition is the most intense?;9 


153 
153 
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one excited in the 
Dy157-»Tb157 decay pro- 


els of a rotational band 


ARS cess, there undoubtedly 
S3s exists a 326.4 keV level 
Ne 10-? p/min 6 < Thus, our results 
aie | : x substantiate the decay 
cae! am | scheme for Dy1957 pro- 
+KIBGS+L GT S+LAGSYN-LL) 
\ | Ve ope posed by Mihelich et a6 
i a and reproduced in Fig.4, 
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Fig.4. Decay scheme for Dy157, 


of Figs.1 & 2. for the first two ex- 
cited states are 5/2t 
and 7/2"; 

The spin and parity of the 326.4 keV state 
was established by Toth & Nielsen®, They found 
that the multipole orders of all three transi- 
tions from this level to the levels of the 
ground state rotational band are El. It fol- 
lows that the assignment for the 326.4 keV lev- 
el should be 5/27; possibly this state is char- 
acterized by 5/27 [532]. 

It is of interest to compare the experi- 
mental and theoretical reduced probabilities 
for transitions between the 326.4 keV level and 
the levels of the rotational band: 0 (3/2+), 
60.77 (5/2+) and 143.9 keV (7/2+). According 
to the data of Toth & Nielsen9, the ratios of 
the reduced probabilities ,s26.4 : y265.5 > (182.5 = 
= 1:0.0075:0.105, while the theoretical ratios 
(Alaga's rules) are 1:0.43:0.07. It will be 
evident that the 265.5 keV y-transition is great- 
ly retarded. A similar situation is encounter- 
ed in the case of Tb159 (Ref.14), where the 364 
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keV (5/27) level is de-excited to the 0 (3/2+), 57 (5/2t) and 137 keV (7/2*) 
levels of the ground state rotational band by 364, 305 and 255 keV y-transitions. 


‘The reduced probability ratios ys«: Ysos : Y22s = 1:0.016:0.11. Nielsen et all4 at- 


tribute the difference between the theoretical and experimental ratios to the re- 
tardation of El type transitions as compared with the evaluations of Weisskopf 
for single-particle transitions. It was noted by Mottelson & Nilssonl0 that the 
retardation in the case of Tb159 is connected with forbiddenness with respect to 
the asymptotic quantum numbers. 

The characteristics of the ground state of Dy157 are determined by its 91st 
neutron. By analogy with Gd155 (Ref.10) it follows that the assignment for the 
ground state of Dyl57 should be 3/27 [521]. In this case orbital electron capture 
should be realized primarily to the 326.4 keV (5/27) level (allowed transition). 
This has been substantiated by experiment: Toth & Nielsen on the basis of measure- 
ments of rh coincidences give an intensity balance for the low lying levels evin- 
ced in Dy!5/-s»Tb157 decay; it follows from this balance that if one neglects tran- 
sitions from higher lying levels the numbers of transitions arriving at and de- 
parting from the 326.4 keV level are 0 and 10 100 (€ = 10 000), 190 arriving at 
and 250 departing from the 143.9 keV level (€ < 60), and 280 arriving at and 280 


departing from the 60.77 keV level (€ ~ 0) (all the indicated numbers are rela- 
tive). 


Coincidences between conversion electrons emitted in Dy!55--Tb155 decay 


It has been established in studies devoted to the decay of Dyt55 (Refs.9 & 
11) and the conversion electron spectrum of the dysprosium fraction from spalla- 
tion of tantalum (Refs.5,7 & 12) that in Dyl55-»Tp155 decay there are excited 
transitions with energies of 65.40, 90.40, 115.6, 155.6, 161.4, 184.5, 205.6, 
226.9, 271.3, 371.7, 433.0, 484.0, 498.6, 508.4, 664.7, 906.5 and probably, 549.9 
keV. 

In the present work we studied coincidences between the L65.40, L90.40, 
K115.6, K155.6, K161.4, K184.5 and K226.9 electrons. It was found that the fol- 
lowing electrons yield coincidences: L65.40 & L90.40, L65.40 & K115.6, L65.40 & 
K161.4, L65.40 & K184.5, L90.40 & L115.6, and K115.6 & K155.6. No coincidences 
were detected between the K226.9 electrons and the L65.40, L90.40, K115.6, K155.6 
and K161.4 electrons. 

The curve for coincidences with the L65.40 electrons of Dy155 is shown in 
Fig.5. There are evident three peaks located in the regions of the following line 
groups: Dy155 m65.40 + Dy155 K115.6, Dy153 ms0.84 + Dy153 ms2.48 + Dy157 M83.01 + 
+ Dy155 190.40 + Dy153 L93.0 and Dy155 1115.6 + Dy!55 K161.4. In these experi- 
ments the "fixed'’ half of the spectrometer was set as indicated by arrow 5 in Fig. 
1 so that it detected primarily L65.40 electrons. The admixture of L60.40 and 
K115.6 electrons was insignificant. Hence it may safely be asserted that the 
peaks in the curve pertain to (L65.40) (K115.6), (L65.40) (L90.40) and (L65.40) 
(K161.4) coincidences, respectively. 

Fig.6 shows the curve for (L90.40) (L115.60) coincidences (peak in the region 
of the L115.6 and K155.6 lines). In this case the "fixed" half of the spectro- 
meter was set as indicated by arrow 6 in Fig.1 and detected the Dy155 190.40 elec- 
trons and a major portion of the Dyl53 m80.84, Dy153 M82.48, Dy157 M83.01 and Dyl53 
L93.0 electrons. 

Fig.7 illustrates the coincidences between the K115.6 + M65.40 electrons of 
Dy155, detected by the "fixed" half of the spectrometer, and the K155.6, L115.6, 
and K161.4 electrons. The coincidence curve obviously has a width greater than 
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the instrumental width and represents the sum of the (K115.6) (K155.6) + (M65.40)- 
(L115.6) + (M65.40) (K161.4) coincidence curve. The tentative resolution into com- 
ponents is shown by the dashed lines under the solid cufve in Fig.7. 

The peak in the region of the Dy1iss L65.40 line in Fig.3 is evidence for the 
existence of (L65.40) (K184.5) coincidences. In this case the "fixed" half of the 


spectrometer detected Dy!55 K184.5 + Dy!57 k182.5 electrons and partially Dy157 
L143.9, Dy153 1147.5 and Dy153 1149.0 electrons. 
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Fig.8. Necay scheme for Dy155, (Spin & parit 
K115.6 + Dy155 165.40 electrons. 


of the 226.9 keV level are probably 5/27.) 
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Thus our experiments on coincidences between the conversion electrons of Dy155 
lead to the following conclusions: 

1. It may be asserted that the 65.40, 90.40 and 115.6 keV y-transitions form 
a triple cascade, inasmuch as there are observed coincidences between the elec- 
trons of these transitions, and there exists a 271.3 keV transition, the energy 
of which is approximately equal to the sum of the energies of the 65.40, 90.40 and 
115.6 keV transitions. In the decay scheme of Dy155 these transitions must be 
located one above the other, and the 271.3 keV transition parallel to this triple 
cascade, 

2. The 115.6 and 155.6 keV transitions form a cascade, the energy of which 
is also close to that of the 271.3 keV transition. 

3. Our detection of a 65.40-184.5 keV y-transition cascade indicates that a 
184.5 keV transition occurs in the decay of Dy155, but so far this transition has 
not been accomodated in the Dyl55 decay scheme. 

4, The 65.40 and 161.4 keV transitions form a cascade. These transitions 
must be in series inasmuch as there exists a 226.9 keV transition, the energy of 
which is approximately equal to their sum and coincidences between the K226.9 
electrons and the L65.40 and K161.4 electrons are not observed. 

5. The 65.40 and 226.9 keV y-transitions are the most intense of all the 
transitions excited in Dyl55_-47p)155 decay.9;9 Hence it may be assumed that the 
65.40-90.40-115.6, 115.6-155.6 and 65.4-161.4 y-transition cascades all feed the 
ground state of Tb155 and that there must exist excited levels with energies of 
226.9 and 271.3 keV. 

All these results are in agreement with the data of Toth & Nielsen? on e-y 
coincidences in the decay of Dyl55 and substantiate the Dy15° decay scheme (Fig. 
8) which was first proposed by Toth & Rasmussen!l, 

The first two excited levels of Tbl55 (65.40 and 155.7 keV) together with 
the ground state apparently form a rotational band. By analogy with Tb159 and 
Tpl5?, they may be assigned the following characteristics: S/o 5 ote Wee Ke= 
= 3/2 and the asymptotic quantum numbers [411]. 

If, as inferred by Toth & Nielsen, the multipole order of the 226.9 keV Take 
transition is El, the possible assignments for the 226.9 keV level are 1/27, 3/2 
and 5/27. The last spin is more probable, inasmuch as 1/27 and 3/27 levels do 
not occur in the corresponding location in Nilsson's diagram. A 

Assuming that the spin and parity of the 226.9 keV level are 5/27, we can 
evaluate the intensity of the 71 keV (El) transition which should occur between 
the 226.9 and 155.7 keV (7/2t) levels. The theoretical reduced probability ratio 
B(EA; 7226.9) : B(E1; 771) = 1:0.07. From this it follows that the intensity ratio of 
the K226.9 and L71 conversion electrons Ji226.9(E1) ? Jim(#1) = 1000:5.1, Although 
Toth & Nielsen did not observe an L71 line, it will be evident that a Line of this 
intensity could readily escape detection. The upper bound for its intensity may 
be evaluated from our data: the L7l1 electrons should yield coincidences with the 
L65.40 electrons (71-90.40-65.40 keV y-cascade). Inasmuch as in 94% ae eee cases 
after formation of an L71 electron there is excited a 65.40 keV transition”, which 
always accompanies formation of L90.40 electrons, the ratio of the (L65. 40) (L771) 
and (L65.40) (L90.40) coincidence counting rates will be virtually oe ihe in- 
tensity ratio of the L71 and L90.40 electrons. The coincidences of the ; Hl 
electrons with the L90.40 and the hypothesized L71 electrons are illustra z in oa 
Fig.5. In the region of the L71 electron energy (~62 keV) there is Eureka wales 
in the coincidence curve, which we initially attributed to Ses pa . eer 
cidences (the energy of the K115.6 electrons is 63.6 keV). The aoe sh ee 
(L65. 40) (L90. 40) /(L65. 40) (K115.6) ¥ 3. If the (L65.40) (K115.6) co fron ie 
are actually the sum of (L65.40) (K115.6) + (L65.40) (L71) coincidences, the 
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the extreme case, assuming the intensity of the former coincidences to be zero, 
we obtain Jjo0.a/fi21 ~ 3 and in units in which the intensity of the K226.7 elec- 
trons is 1000, the intensity of the L71 electrons < 60. 

Toth & Nielsen? introduced into the Tb155 level scheme a 880 keV level on 
the basis of observation of 227-660 keV y-ray coincidences and 880 keV y-rays. 
If such a level actually exists, its energy according to the data of Ref.5 should 
be 226.9 + 664.7 = 891.6 keV, but it must be noted that no conversion electrons 
from a transition of this energy have as yet been observed. (In this energy re- 
gion there was detected the relatively intense K906.5 line.) Using the relative 
conversion line intensities from Ref.5 and the y-ray intensities from Ref.9 we 
can evaluate the internal conversion coefficient for the 665.0 keV y-transition: 


y MOLT £8 ; | 
Ck o4:g Ee pe ta erenta (Bate) 00D m0 0050 


+ 664.7/ K226.9 
The theoretical values for Qxoe4.7, are 0.0022 for El, 0.0060 for E2 and 0.012 for 
M1; the closest to the experimental value is obviously the value for E2. If we 
accept that the spin and parity of the 226.9 keV level are 1/2— or 3/27, the pro- 
bable assignment for the 891.6. keV level is 5/27 ori. / 25 

In the work of Ref.7 there was introduced a 662.0 keV level on the basis of 
the sums of the energies of the 434.0 + 227.0 y-transitions (661.0 keV) and the 
508.0 + 155.8 keV transitions (663.8 keV) and the energy of the cross-over tran- 
sition (662.0). We are of the opinion that the introduction of this level was 
incorrect. According to the data of Ref.5, the energy difference between the 
sums 433.0 + 226.9 = 659.9 keV and 508.4 + 155.6 = 664.0 keV is outside the limit 
of the experimental error (€0.1%) and location of the 664.7 keV transition in 
parallel with the 508.4-155.6 keV y-cascade is in conflict with the existence of 
665-227 keV y-ray coincidences®, 


Coincidences between conversion electrons emitted in Dyl53-Tph153 decay 


According to the data of Abdurazakov et al’, Adam et al° and Basina et alls, 
the electron lines from 80.84, 82.48, 99.67, 147.5, 149.0, 173.6, 218.6, 240.6, 
244.3, 254.3, 274.7, 389.6, 512.4 and 544.7 keV transitions and the electron line 
with energy 84.27 keV, appearing in the conversion electron spectrum of the dys- 
prosium fraction, should be attributed to Dy1!53-sTh153 decay. 

As a result of our investigation of the coincidences between the conversion 
electrons from Dy153 there were established the following facts: 

1. There occur coincidences between the electrons from the 80.84 and 82.48 
keV transitions. Fig.9 illustrates the (L80.84 + L82.48) (K80.84 + K82.48) coin- 
cidences (peak in the vicinity of the Dy153 k80.84 + Dy153 x82.48 + Dy157 x83.01 
line group) and (L80.84 + L82.48) (L80.84 + L82.48) "self-coincidences" (peak in 
the region of the Dy153 180.84 + Dy153 182.48 + Dy157 L83.01 lines). In both 
cases the "fixed" half of the spectrometer detected Dy153 180.84 + Dy153 182.48 + 
+ Dy157 183,01 electrons (arrow 9 in Fig.l). The existence of these coincidences 
proves that the 80.84 and 82.48 keV transitions form a cascade. 

2. There are observed coincidences between the K147.5 + K149.0 electrons and 
the electrons with energy 84.27 keV and coincidences of the L147.5 + L149.0 elec- 
trons with electrons having an energy of ~41 keV. The corresponding coincidence 
curves are shown in Figs.6 and 10. The existence of the former coincidences is 
eudnced by the peak in Fig.6 in the region of the Dy153 199.67 + Dy157 K143.9 + 
+ Dy >Y K147.5 + Dy153 K149.0 electron group. It is evident from the position 
of this peak that these coincidences pertain to K147.5 + K149.0 electrons rather 
than L99.67 electrons. The "fixed" half of the spectrometer detected the Dy153 
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Fig.9. Coincidences with Dy153 180.84 + Dy153 182.48 + Dy157 183.01 electrons. 


84.27 keV electrons (data of Ref. 
5) and the close in energy Dy155 
L90.40, Dyl53 ms0.84, Dy153 ys2.48 
and Dy157 M83.01 electrons. In 
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were observed. Hence it may be re- 
fer garded as certain that the K147.5 + 
+ K149.0 electrons coincide in time 
of emission with the 84.27 keV 
electrons. 

Fig.10 shows the coincidence 
curve in the region of electrons 
with energy ~41 keV. This is the 
Fig.10. Coincidences with Dy153 1147.5 + Dyl53_ region of K - IM Auger electron. 

L149.0 electrons. The "fixed" half of the spectrome- 
ter was set so that there were de- 
tected mainly the L147.5 + L149.0 electrons and partially the L155.6 electrons (ar- 
row 10 in Fig.1). Inasmuch as in the region of medium-Z elements the (K - LL)/K - 
LX) Auger intensity ratio is about 2 (Ref.15), and the observed (L147.5 + L149.0) 
(K - LL) to (1147.5 + L149.0) (K - LX) coincidence counting rate ratio was ~0.4, 
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it becomes clear that together with (L147.5 + L149.0) (K -— LX) coincidences there 
the K147.5 + K149.0 electrons and conversion 


were detected coincidences between 
Auger electrons 


electrons with an energy close to the energy of the (K - LX) py-Tb 


(~41 keV). 
Thus, it has been established that there exist coincidences between the 


K147.5 + K149.0 electrons and the ~41 and 84.27 keV conversion electrons. The 
energy difference between 84.27 and ~41 keV agrees with the difference between 

the electron binding energies on the K and L shells of terbium (43.3 keV). Hence 
it may be assumed that the 84,27 keV electrons detected in the studies of Refs. 

5 & 7 are the L conversion electrons of a 93.0 keV transition and that in the sec- 
ond case there was observed the K93 line. 

In the investigations of Refs.5 & 7 there were observed conversion electrons 
from a 240.6 keV transition. This energy is close to the transition energies sum 
93.0 + 147.5 keV = 240.5 keV. On the basis of this it may be assumed that the 
93.0 and 147.5 keV transitions are located one above the other. 

3, There were not observed any coincidences between the L147.5 + L149.0 elec- 
trons and the K80.84, K82.48 and K99.67 electrons (see Fig.10). Also there were 
detected no coincidences between the M80.84 + M82.48 + L93.0 electrons and the 
L99.67 electrons (see Fig.6). 

We take this opportunity to thank V.Bunakov, L.Popeko and E.N.Rozhin for 
assistance in the measurements. 


Leningrad State University & 
Joint Institute for Nuclear Research 
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SUPPLEMENTARY DATA ON NEUTRON-DEFICIENT OSMIUM ISOTOPES 
- T.V.Malysheva & B.A.Khotin 


in papers! ,2 presented at the preceding conference on nuclear spectroscopy, 
mention was made of the existence in specimens of daughter osmium, separated from 
iridium, of a short-lived activity with a period of ~20 min. It was hypothe- 


pared pee this activity belongs to the isomer Os184n | forming in the decay of 
-hr Ir ° 


F 


10 18 


4 25 UW tbr 
Fig.l. Decay curve for daughter osmium. 


In measuring the total 
activity of the daughter osmi- 
um we obtained a more accur- 
ate value for the period of 
the short-lived activity. As 
will be evident from the de- 
cay curve shown in Fig.1, the 
half-life equals 10 + 0.5 min. 

We also measured the 7- 
spectrum of the daughter osmi- 
um on a scintillation spectro- 
meter with a 100-channel pulse 
height analyzer. The measure- 
ments were carried out imme- 
diately after separation of 
the osmium (an operation which 
requires 10-15 min). There 
were detected y-lines with 
energies of 185, 355 and 620 
keV (Fig.2), the activity of 


20 a which fell off with a period 
Channel No. of ~10 min. According to the 
Fig.2. Gamma-spectra of daughter osmium recorded data of Nielsen et al% this 
1) immediately after separation from the parent activity should be attributed 
iridium, 2) 20 min after separation, and 3) 20h to the isomer 0s190m, 
after separation. Thus, if there do exist 


isomers of other even neutron- 
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deficient osmium isotopes, they apparently have periods shorter than 2 min. 
We desire to express our gratitude to K.Ya.Gromov and V.G.Chumin for valu- 


able advice in setting up the experiment and helpful discussions. 


"vy ,I.Vernadskii' Institute of Geochemistry and Analytic Chemistry, 
Academy of Sciences of the USSR 
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INVESTIGATION OF THE CONVERSION ELECTRON SPECTRUM OF NEUTRON-DEF IC IENT 
PLATINUM ISOTOPES 


- L.N.Kryukova, V.V.Murav'eva, L.Duda, T.V.Malysheva & B.A.Khotin 


In the present work, using a spiral magnetic B-spectrometer, we investigated 
the conversion electron spectrum of neutron-deficient platinum isotopes forming 
as a result of spallation of gold under bombardment with 660 MeV protons. We also 
investigated y-y and e-y coincidences in the decay of 10-day Ptl88 by means of a 
two-lens B-spectrometer and a scintillation y-spectrometer. 


1. Conversion electron spectrum 


The chemical procedure of carrier-free separation of the platinum from the 
spallation products was described in Ref.1. The platinum sources were prepared 
by evaporation from hydrochloric solution onto 1 x 12 mm strips of platinum foil. 
. With the utilized 0.6% of 4x acceptance angle the instrumental resolution was 0.4%. 
However, the appreciable thickness of the sources increased the relative half-width 
of the electron lines, which, as a result, attained 0.8% in the 30-40 keV energy 
region. The first results of our investigation of the conversion electron spec- 
trum of the platinum fraction were published in Ref.l. In the present work, we 
extended the investigated energy range and also obtained more accurate data on 
some of the electron lines. In all, we carried out five series of measurements 
in the electron energy range from 30 to 360 keV. (Under a series of measurements 
we mean a number of measurements of the spectrum using a source or sources obtain- 
ed from one irradiation.) The composite spectrum is shown in Fig.l. The lines 
were identified by observation of the decay periods and on the basis of the data 
in the literature on the energies of the known y-transitions in platinum and daugh- 
ter iridium. The results of investigation of the conversion electron spectrum are 
shown in Table 1. The list of electron lines can be divided into five groups on 
the basis of their periods. 


Group I: Lines with T = 10-11 days 


Of the 34 lines in this group", 17 lines may be attributed to known transi- 
tions occurring in the decay of the daughter isotopes Ir188 and Ir189 (Table 1). 
The other 17 lines belong to pti88, Identification of the lines in this group 
was facilitated by the fact that, in addition to measurements of the spectrum im- 
mediately after irradiation, there were carried out measurements with Pt sources 
separated from the Ir two to four weeks after bombardment. No lines corres pond- 
ing to the decay of Ir189 appear in this spectrum; the lines of Irl88 exhibit an 
increase in intensity during the first days after separation. Our data substan- 
tiate the existence”? in the decay of Pt188 of y-transitions with energies of 54.6, 
139.9, 187.0, 194.7, 281, 410 and 472.5 keV. The 56.8 keV electron line cannot 
be identified with any known y-transition; we assume that it is the K line of a 
new 132.9 keV transition, the L line of which lies between the intense pti88 118.4 
keV and pt193m 121.4 keV lines and is masked by them. The 132.9 keV transition 
may occur between the 187.0 and 54.6 keV levels, inasmuch as its energy equals, 
within the limits of the experimental error, the energy difference between the 
187.0 and 54.6 keV transitions (Fig.2). 

*The 23.4 and 28.6 keV lines were observed only in the spectrum recorded on 
the two-lens B-spectrometer. 
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Fig.1. Conversion electron spectrum of the platinum fraction 
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Table 1 
‘Results of investigation of the conversion electron spectra of the platinum 


a a a 


Period 


identifi= 


EY, keV 


Le, keV = 
Our -datal” Refs, 1-4 cation «|Our datal ,fs- Bee LOne 
2 we ae 4-3, 5 
{ 2 3 | 4 5 6 7 
Group -1 
44 ,3-+0,2 104 days Ly 54,7 
41,9-+0,2 > Liyy 54,7 \ 
43,4-+0,2 » Lyi 34,6 | ¢ 54,6:0,2 55 
31,2-40) 4 > | Me 54,4 | 
36, 8-+0, 1 > K 132,9 132,9-+40,1 = 
63,8-40,1 > K 139,9 | 
126,3+0,5 | (Ly + Ly) 139,4 139,9-+0,1 140 
128,740, 4 | » 10 days Lyyy 139,9 J 
110,9+0,2 » K 187,0 
173, 8-40 ,2 > | (Lt + Ly) 186,9 \ 187,0-40,2 188,5 pre 
{418,4-+0,3 > K 194,5 
181 ,4-+0,2 > (Ly + Lyy) 194,5 | 
183, 9-+0,2 » Lyyy 195,14 | $ 194,7-40,3 195,7 
191,6+0,3 —10 days Me 194,7 J | 
205, 0-415 10-+1days K 2814 281-4 5 279 
334,0-40,5 i—8 days K 410 | 110 40,5 4A0 
396 ,5-++2 10 days VP ye Ev At) 472,,5-+2 470 
{ 
s0,9+0,2 | OH days 10 days K 154,8 | 
142,1+40,2 > T of Ptise|(Ly + Lyy) 154,8 | | 
143,9-+40,3 Dyyy 154.8 | 6 154;840,2 | 155 
151,8-+40,2 ; M 154,8 | | i pets 
154,3-+40,3 > N 155,0 
4OB-H4 ,5 Several days K 478,8 479-+1,5 | — 478,5 
558-42 build-up | K 632 632-2 633,5 [Erte + Iptes 
observed 
23,4+0,4 | 10 days L 36 36, 1-0,4 36,2 
28 ,6-+0,4 > M 41,3 31,3+40,4 30,8 
45,7+0,3 11it1 days (Ly + Lyy) 58,4 58, 4-40,3 59,9 
56, 7-40,1 > days |(L1-\-Lrp 694 | 
58,3-+40,2 > ; Ly 69.2 » 69,3-+40,2 69,5 Tyee 
66,5-+0,2 9+1,5 days M 69,5 j 
$2,6+0,2 {1-4 days (Ly + Lyqz) 95,4 1 
$4,5-40,3 > Lit 95,4 f 95, 4-+0,3 95,2 
{70 ,8+0,4 10+1 days K 244,7 |) 
939-+4 Several (Ly + Lyy) 244,7 | ¢ 244,7+0,4 245 
days 
croup L1 
51,2-+40,1 | 441 days:'| 3,3-4,4 ds K 129,6 | ) 
115,5+0,3 | > Ly 129,4 | 
118,040,2 | > Lyry 129,6 129,5-40,2 | 129,5-++0,2 
126-+0,5 | > M 129,5 ( Pty 
128,8+0,3 | s41 days N 12955 | J 
95 ,4-40,1 | » | M 98,6 | § eae 
{ 
121 ,4+0,3 | sti days! 3,4-4,5 d-|(Ly + Lyy) 135,0 | 
123,4-40,3 >» Lyyy 135,0 1038 
132,240.2 | : M 135.5 135 ,2+0,3 135,5 Pt 
134,6-+0,2 | > N 413*,5 
{ 
| ba: 
52,9-+0,2 3,541 days K 129,0 129,0-++0,2 |129,4—129,6 
68,9-£0,4 > (Ly + Lyi) 82,0 
70,8-+0,2 > Ly 82,0 82,1-40,4 92,5 | 
79,2+0,4 | > M 82,4 


fraction 
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Table 1 continued 
ly mah Oo Rees oie Fe A vee 


: E,, keV 
EER LOM Identifi- —— 
He key £3 Pere) eee 
Our data} Refs.1-4 Cae ent Our data 43,2 
1 2 3 4 5 6 7 
95,5-40,2 3,5t1days K 171,6 
Aca ; : (eee Ly yieaee 174 ,5-40,3 172 
491,7+0,3 3,540, 5days| 2,9-3,2 d- K 267,8 
255, 4-+0,,4 3,2+0,5days| (Ly + Lyq) 268,5 } ee i Pala 
274,7-£0,4 ; | K 350,8 350,8-40,4 | 354—352 pps 
283,540,4 | 2,6-40,5days ae 359,6-£0,4 | 360—364 
246-4 Se (Ly + Ly) 359 ie 
Ways 
934,0-40,5 Li édays K 4104 410 140,5 410 
380,4-+9,6 5-8 days K 456,5 456,5-£0,6 | 456—458 
462,54+1,5 2,5—4 days K 538,6 538-+2 539—540 
548-+4 ,5 —2 days K 624 624-+4 ,5 623 
Groupe Pit 
57,7+0,4 10+ 2 hrs (Ly + Ly) 70,8 ~ 
59,7-40,4 40+ 3 hrs Erp 20,9 } nee 
68,340, 9+1 1hrs (Ly + Ly) 81,4 
70 ,6-40,2 several Liz 81,8 } oe = 
hours 
80,9-40,2 10-41 hrs (Ly + Ly) 94,0 
82,7-+40,2 941 hrs Lypy 93,9 
90, 9-0, 1 10-+0,5 hrs M 94,1 ee ze 
93,2-40,2 10-41 hrs - N_ 93,9 
64,4-+0,2 41+1,5 ‘hrs 11 hrs K 140,5 “ 
126 ,9-L0,4 Several (Ly + Ly1) 140 } 140 240.8 ut ee 
99,7-L0,2 ieee 
.T+0, +9,5 hrs K 175,8 
162,7-40,4 Several (Ly + Lyq)175,7 } SRE = 
hours | 
468,0-+1 =11 Ars K 544 54h+4 23 
492,5-+4 9—-14hrs K 568,6 568,641 ie, 
581,544 10—14 hrs K 607,6 + L 544 } Anes 
594-++4 > L 607 = ¢ 
37,349,4 11+2 hrs - — — 
229,7-£0,2 10—14 hrs = = = 
222,7-40,3 14-44 hrs 441-6 hrs K 296,9 296 ,6-40,3 | 297 Ir 16 
240,7-+-0,3 12+1 hrs 13 hrs K 314,6 
303, 3-40,,5 10 hrs (Lyy+L yyy) 314,9 } eeien tes Irs 
327,8-+0,5 41+2 hrs K 401,8 401,8-+4 404 
402,0-b0,2 15—20 hrs 
mrpe | ets 
8,740, 41—16 : : ee 
247, 20,3 Several Not identified 
205, 4+0,6 hours 
Groupl¥ 
103, 4-+0,2 <2 hrs K 179,5 
166,4+0,4 341 hrs (Ly + Ly) 179,5 | 
se! AS I Il , 179,5-40,3 
168,3+0,4 3 hrs 2-3 hrs Lyyy 179.5 a9 pas OF 
171,0+0,4 | 2,5-40,5 hrs 1841 sabe 
172,8+0,4 | 2,5+0,5 hrs 184,0 } 184,00,4 “2 
188,0+0,3 3hrs - i 
245, 6-40,6 ae Not identified 
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Table 1 continued 


a 


Period | es E,, keV 
Ee, Kev: entifi- ieotane 
Our data | Refs, 1-4 | Cation Our data ee ‘ 
= i = Oy 
{ ns 3 | h | 5 6 i 
Group. 
249,5+0,5 ae 10 days | K 323,4 323,4+0,5 323 Iris 
261-4 " | = | Es £ & = 
268-07 " 10 days |(Ly + Lyy) 281 281-++0,7 279 Ptiss 
296—298,5  IPos. build up et = fe = = 
314+1 Unknown & &. ine 
439-2 > Si re 2 = = 
182 Pos. buildup = > — 
620-42 Unknown 10 days | L 632,4 632,4+2 633, Irtes 
Table 2 
Relative intensities of the K conversion 
lines of pt188 
Ey, keV | 1432.9] 139,9 | 187 cote 2st | 380 | 410 | 472,5 
| 
| | | : 
Ix | i) 10 | 100 90 179 | <3 3) 
| / 
Table 3 
Multipole order assignments 
for some transitions 
E,, keV Relative conver-— Multipole order 
‘ sion coefficicnt assignments 
5 : SSA ‘ 
oe ie an ee Fig.2. Decay scheme for Pt188 
ei oat) gee Si ee The 132.9 and 281 keV y-transi- 
voi iaiss 2” ed tions, inferred from the present 
Ly, :M =1,3 conversion electron data, are 
indicated by dashed lines. 
tb hi ner an 
139,9 | K:(L,4+L),)21,7 | re ae 
The relative intensities of 
187,0 | K:(Ly+Ly)=5 | B24 Ma (Me + BA the K conversion lines of Pt188 are 
listed in Table 2. We were able 
to evaluate the multipole orders 
(Ly + Ly): Ly = 4 of the 54.6, 139.9, 187.0 and 194.7 
194,7 K (Ly + Ly) =3,5 2+ M1 keV y-transitions by comparing the 
Ly: M=1 ratios of the heights of the K, L 


and M shell and Ly, Lyrz and LIIt 


subshell conversion peaks with the corresponding theoretical conversion coeffici- 
ent ratios; the resultant assignments are listed in Table 3. 


— = 


- 1274 - 


Group II: Lines with T = 3-4 days 


The 26 conversion lines in this group correspond to well known as 
the 98.5 and 129.5 keV transitions in Pt}95M, the 135.2 keV transition 1 
and the 82.1, 129.0, 171.5, 268.2, 350.8, 359.6, 410.1, 538 and 624 keV transi- 
191. 


transitions: 
n ptl93m, 


tions occurring in the decay of Pt 


Group III: Lines with T = 10-15 hours 


Of the 27 lines in this group, we associate 4 lines with the known? 296.6 keV 
transition in Irl86 and the 314.6 and 401.8 keV transitions in Ir187; we attribute 
18 lines to ptis9. hence 5 lines remain unidentified. In addition to the known 
transitions with energies of 140.2 (Ref.2) and 94 keV (Ref.1), we hypothesized the 
existence of 6 additional transitions in the decay of Ptl89, transitions with ener- 
gies of 70.8, 81.4, 175.8, 544, 568.6 and 607 keV. It must be noted, however, 
that the data on these transitions are still inadequate and require further veri- 
fication. 


Group IV: Lines with T = 2-3 hours 


Five lines in this group were identified earlier! as the conversion lines of 
179.5 and 184.0 keV y-transitions occurring in the decay of Pt184, pt186 or ptl87 
(Ref.4). According to Ref.6, the decay of Ptl86 goes to the ground state of Ir186 
and, consequently, these y-transitions should be attributed to the decay of pt184 
or Ptl87, Accordingly, the 188.0 and 245.6 keV conversion lines detected in the 
present work should also be attributed to the same isotopes. In view of the fact 
that measurements of the spectra were started some 8-9 hours after bombardment, 
the present data on the 2-3 hour isotopes are necessarily less complete than for 
the longer lived isotopes. 


Group V 


We were unable to determine the decay period with reasonable accuracy for 
some of the conversion lines; we have put these lines in Group V. Three of these 
lines can be attributed to the 281 keV transition in the decay of pt188 and the 
323.4 and 632.4 keV transitions in the decay of Ir188, The remaining 5 lines have 
so far not been identified (see Table 1). 


2. Results of investigation of the decay of ptl88 


In decaying, Pt188 converts to the odd-odd nucleus Irl88, The y-radiation 
of Pt188 was investigated on a scintillation y-spectrometer with a relative line 
half-width of 9% (Cs137 661 keV line). The y-spectrum was investigated with a 
platinum source separated from the iridium some 4 weeks after bombardment. How- 
ever, even in this case analysis of the spectrum was rendered difficult owing to 
the presence of intense lines of daughter Ir188 (T = 41 hr). Fig.3 shows the y- 
spectrum obtained during the first day after separation; Fig.4 shows the y-spec- 
trum of Pt188 in equilibrium with daughter Irl88, For measuring y-y coincidences 
we used a scintillation coincidence spectrometer’ with a resolving time 2T = 
= (1.5-2)-1077 sec. 

As a result of these measurements we feel safe in asserting the following: 

a) There are no coincidences between the 187.0 and 194.7 keV y-rays which 
is in agreement with the data of Ref.5. 
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Fig.3. Gamma-spectrum of Pt188 recorded on a scintillation spectrometer the first 
day after separation from Ir. 
Fig.4. Gamma-spectrum of ptl88 in equilibrium with daughter Ir188, 


b) There are no coincidences between the 
K x-rays and the 381 keV y-rays (Fig.5), which 
is also in agreement with Ref.5 and is con- 
nected with the fact that only L capture goes 
to the 437 keV level (Fig.2). On the basis 
of energy considerations it may be assumed 
that the 473 keV level is also fed only by 
L capture. The peak at 470 keV appearing in 
our spectrum of coincidences with K x-rays is 
probably due to Irl88, 

There are evinced with low intensity co- 
incidences between the 281 keV y-rays and the 
unresolved 187-194.7 and 139.9-132.9 keV y- 
rays, which is not in conflict with the pro- 
posed decay scheme. 

As noted above, we also carried out 
measurements of e-y coincidences using the 


y 20 40 60 & two-lens B-spectrometer in conjunction with 
Channel No. the scintillation y-spectrometer®, The con- 
Fig.5. Coincidences with K x-rays version electron spectrum obtained on the two- 
(open circles). Solid circles - lens B-spectrometer is shown in Fig.6. The 
chance coincidences; dashed line results of e-y coincidence measurements sub- 
- singles spectrum. stantiate the data obtained by observation 


of y-y coincidences and, moreover, indicate 
the existence of low intensity coincidences between the L54.6 electrons and the 
unresolved 140-133 and 380-410 keV y-rays. 

On the basis of our evaluations of the multipole orders (Table 3) and the 
values of log ft given in Ref.5, we made tentative spin assignments for the ex- 
cited levels of Ir188; these are indicated at the left in Fig.2. The difference 
between the spins of the ground state and the first excited level and the value 
of the energy of the first excited level give reason to assume that this 54.6 keV 
level is a rotational one (see Ref.9). The moment of inertia of the Ir188 nucleus 
in this case proved to be 2.5 times greater than the moment of inertia of the 
neighboring even-even 0s186 nucleus. 
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Fig.6. Conversion electron spectrum in the 40 to 220 keV region, recorded on the 
two-lens B-spectrometer. 
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INVESTIGATION OF THE RADIATION FROM NEUTRON-DEFICIENT HAFNIUM ISOTOPES 
- V.Brabec, B.Kracik, T.Kracikova, Z.Miligi, M.Weis, A.Mashtalka, 
M.Vobecky & V. Gnatovicz 


The investigated neutron-deficient hafnium isotopes were obtained by spalla- 
tion of tantalum bombarded with 660 MeV protons in the synchrocyclotron of the 


Joint Institute for Nuclear Research in Dubna. 
The measurements were carried out on an intermediate focusing B-spectrometer! 
and an NaI(Tl) scintillation spectrometer coupled to a 200-channel pulse height 


The resolution of the B-spectrometer was 2.5%; that of the scintilla- 
tion spectrometer was 9% (Cs137 661 keV line). 


analyzer. 


Table 1 
Lines identified in the conversion electron spectrum of Hfl7I and Hf173 
Identi fi- ie SR ee 
Ee, keV es Isotope E,, keV Poets | Isotope 
35 KOS ee Hft7t {45 K208 Hf172 
43 GSS ve — 152 ** L162 His 
ol K— LM — 154 L164 Hf!72 
64 K124 Hfi7i 1 Afi7s 182 *** ? — 
72* K135 Hf1"3 198 **xx 1208 H fit 
T7* K140 Hf278 206 K270 Hf{271 
83 ? -- 234 K297 Hf173 
88 L98 Hf1"2 244 ** K307 Hf173 
99 * K162 Hf7s 249 ** KS12 Bittze 
101 * K164 Hf? 260 L270 Hit 
114 D124 Hf178 287 L297 Hf173 
425 * £135 Hf178 297 ** L307 Hf173 
130 * IA40 Hf2"8 302 ** L312 Fit 128 
138 ** M140 Hf 


*Line not fully resolved. **Line located in the high-energy tail of a 
more intense line. *k*Double line. *kk*XK Line Located in the low energy tail 
of a more intense line. 


The hafnium fraction was separated from the bombarded target by the carrier- 
free procedure described in Ref.2. The activity was deposited on a thin collodion 
film and then covered with a thin layer of aluminum by vacuum evaporation. The 
diameter of the source was 3 mn. 

There were identified the following isotopes in the hafnium fraction: 16-hour 
Hf171, 24-hour H£173 and 70-day Hf175 and their daughter isotopes 8.1-day Lul71, 
1.4-year Lui73, The present work was concerned primarily with investigation of 
the short-lived part of the hafnium fraction (Hf171 and Hf173). We studied the 
30 to 350 keV region of the spectrun. 

Hf173 has been thoroughly investigated in the work of Harmatz et a1; al- 
though Hf171 has been studied by a number of authors479, its conversion electron 
spectrum has so far not been investigated. 

The results of our measurements of the conversion electron spectrum are shown 
in Table 1 and in Figs.1 & 2. 

The spectrometer was calibrated with reference to the lines of H£173, the 
energies of which were teeehadtpet determined in the work of Harmatz et al3. The 
relative intensities of the Hf171 1ines were obtained by graphic resolution of 
the conversion spectrum and subtraction of the lines belonging to Hfl73, Hr175, 
Lut71 and Lul73. 

In order to determine the contribution from the long-lived isotopes the con- 
version electron spectrum of the hafniun fraction was studied for a period of over 
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Fig.1. Conversion electron spectrum of the hafnium fraction 
in the 0 to 195 keV energy region. 


05 Jul ate 


Fig.2. Conversion electron spectrum of the hafnium fraction 
in the 140 to 330 keV region. 


Table 2 a month. In the case of Hf173 we 
Relative intensities of the conversion lines also utilized the intensity data 
of Hrl71 of Harmatz et al. 


The resultant relative inten- 


sities of the K conversion lines 
Mine Geyer eo ae of Helis and the K/L ratios are 
oes EE a ee listed in Table 2. The error in 
K98 100 | 7 determining the intensities of 
K124 80 ~9 the K98 and K124 lines may be as 
K164 10 ‘js great as 50%. In the case of the 
ou ; | - other lines, the indicated intensi- 


ties are order of magnitude values. 


Cael a ho 


In the y-spectrum investigated on the scintillation spectrometer there were 


/observed the following transitions: 100 and 170 keV belonging to Hf171 and 130 


and 310 keV belonging to Hf178, In addition there were observed indications of 
lines with energies of about 210 and 250 keV. If these y-rays exist they are 
probably associated with the y-transitions giving rise to the K and L208 and kK 
and L270 conversion lines of Hf171, 
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i7 REMSSTRAHLUNG OF UP TO 9.5 MeV 
PHOTODIS INTEGRATION OF Li’ BY B 
- V.G.Shevchenko & B.A. Yur'ev 


At present certain difficulties are encountered in attempting to explain the 
energies of the low-lying states of Li’ and their spins and Mees gs Gk the basis 
of the shell model. The results of calculations carried out DRED Kurath 
and Balashov’, using intermediate coupling and Meshkov & Ufford™ in Witla ee limit, 
indicate that at ~5.5 MeV there should be a 5/27 level with the classification 
2, in the LS coupling scheme. Experimental data on reactions with particles 
indicate, however, that in this region there is only one wide level with even 
parity, which Lane has interpreted as a single-particle level with the configura- 
tion 1s11p?2s 1, »,. . 

Erd3s et al® made an attempt to determine the level diagram of Li’, using 
the Li’(y,t)He* reaction with Eynay = 31 MeV. These authors detected levels with 
energies of 4.7, 5.5, 6.8, 7.4, 8.3 and 9.0 MeV and made an attempt to determine 
the spins and parities of the first three levels on the basis of the angular dis- 
tributions. However, they were unable to obtain unambiguous results, owing to 
inadequate statistics. Moreover, the possible admixture of stars from the n14 
(vy ,@)B10 and 016(y,a)C12 reactions, which these authors were unable to separate 
from the investigated cases, and some contribution from the LiS (n ,@) H3 reaction 
increased the uncertainty of their results. 

In the present work we investigated the Li’ (y,t)He* reaction at a maximum 
bremsstrahlung energy of 9.5 MeV for the purpose of more precise determination 
of the characteristics of the excited states of tas lying in this energy range. 


Experimental procedure 


Our y-ray source was the 35 MeV betatron of the Scientific Research Institute 
of Nuclear Physics at Moscow State University. The 9.5 MeV maximum y-ray energy 
was chosen so that the Li’(y,t) reaction would be the only reaction on Li’ with 
emission of charged particles. The experimental arrangement is shown in Fig.1. 
The bremsstrahlung beam, before impinging on the target, passed through a colli- 
mator 32 cm long, and a magnetic field which 
deflected the electrons from the beam. The 
target was made of metallic lithium in the 
form of 2.4 mg/cm? thick foil and was mounted 
in the vacuum chamber at an angle of 30° to 
the direction of the y-ray beam. 

The radiation dose was determined by 
means of an ionization chamber, the absolute 
calibration of which was carried out with 
Fig.1. Arrangement of the experi- reference to the indications of a thick walled 
ment: 1) betatron target, 2) thin aluminum chamber”: the calibration error, in 


s * : : 
walled ionization chamber, 3) col- view of the low intensity, attained ~20%. 


limator, 4) deflecting magnet, 5) The tritons emitted from the target were 
Shielding wall, 6) vacuum chamber. detected by NIKFI photographic plates with 

100 4 thick type T-3 emulsion; these plates 
were mounted in the chamber at angles 30, 60, 90, 120 and 135° relative to the 
direction of the y-ray beam. The position of the beam axis relative to the center 
of the target was determined by an x-ray film and checked by comparison of the ef- 
fects in two photographic plates mounted symmetrically relative to the center of 
the target at an angle of 90° to each other. The absolute magnitude of the solid 
angles was determined graphically and by calculation. In scanning the plates we 
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selected the tracks, corresponding to 31.2 MeV tritons, that began from the sur- 
,face of the emulsion and lead from the irradiated part of the target. The triton 
energy was determined from the range-energy curves for Ilford C-2 emulsion with 
pene correction for the difference between the thickness of the T-3 and C-2 emul- 
sions. 

We measured the background in the chamber in the absence of the target. It 
proved to be isotropic for all angles and in all directions and amounted to ~40% 
of the investigated effect. In view of the high level of the background we took 
Special pains to determine it accurately with good statistics. In all, we scan- 
ned 53 cm? of emulsion and found 998 triton tracks. 


Experimental results 


The total energy distribution of tritons for all the measurement angles is 
shown in Fig.2. It will be seen that there are clearly evinced individual triton 
groups with energies of 1.7, 2.5 and 3.5 MeV and a poorly resolved group with an 
energy of 3.1 MeV. In view of the fact that our target consisted of a natural 
mixture of lithium isotopes (92% Li’ and 7.5% Li6), at the chosen maximum y-ray 
energy there could have occurred the Li® (y, p)He® and Li®(y,np)He* reactions. The 
cross sections for these reactions near the threshold have not been accurately 
determined. According to our evaluations, their contribution could amount to no 
more than 10% relative to the yield of the investigated reaction. Actually, how- 
ever, this contribution was much smaller, inasmuch as otherwise in the obtained 

spectrum above the maximum allowable energy for tri- 
200; tons there would have been present longer tracks that 

could be mistaken for triton tracks. Such tracks are 

not present in the energy distributions. The Q-parti- 
150 cles from the investigated reaction had ranges much 
shorter than the range of the lowest energy tritons 
and hence could readily be discriminated. The energy 
distribution shown in Fig.2 contains corrections tak- 
ing into account the triton energy loss in the target 
and thus improving the resolution. The positions of 
the individual phototriton groups correspond to indi- 
vidual levels in Li® lying at 5.3 + 0.2, 6.6 + 0.2, 
7.5 + 0.25 and 8.3 + 0.3 MeV. 


100 


, é $ bell eV The obtained energy distribution of phototritons 
Fig.2. Distribution of enabled us to calculate the cross section for the 
tritons in energy. Li7(y,t)He+ reaction, inasmuch as the reaction pro- 


ducts do not have excited states so that the energy 

and angle of emission of the triton uniquely determine the energy of the photon 
inducing the reaction. The calculations were carried out using the Schiff spec- 
trum for bremsstrahlung in the case of a fixed target. The resultant cross sec- 
tion curve is shown in Fig.3. The accuracy of determining the absolute values 
of the cross section was limited by the accuracy of absolute measurement of the 
dose, errors in determining the thickness of the target, the solid angles and by 
statistical errors, so that the total measurement error attained 40%. The rela- 
tive error, which may affect the shape of the cross section curve, was determined 
only by the statistical uncertainties, the magnitudes of which are indicated by 
the vertical bars in Figs.2 and 3. 

The angular distributions for the 5.3, 6.6 and 8.3 MeV phototriton groups 
are shown in Figs.4,5 & 6. Inasmuch as the 3.1 MeV phototriton group (Ey = 7.5 
MeV) was poorly separated from the more intense 2.5 MeV group, we did not plot 
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Fig.3 Fig.4 ; 
Fig.3. Variation of the cross section for the Li7(y,t)He* reaction as a function 
of the y-ray energy. Sf 
Fig.4, Angular distribution of tritons from the 5.4 MeV state of Li’. 
The solid and dashed curves, identified by the figures, represent the 
calculated angular distributions given in Table l. 
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Fig.5 Fig.6 
Fig.5. Angular distribution of tritons from the 6.6 MeV state of Li’. 
Fig.6. Angular distribution of tritons from the 8.3 MeV state of Li’. The number- 
ed curves represent the calculated angular distributions given in Table l. 


the angular distribution for this group. The vertical bars in the figures repre- 
sent only the statistical uncertainties. 


Discussion 


The calculated angular distributions and radiation widths are given and com- 
pared with the experimental data in Figs.4,5 & 6 and in Tables 1 and 2. The radia- 
tion widths were calculated on the basis of the shell model with LS coupling. This 
is justified, inasmuch as for Li’ the wave functions in the intermediate coupling 
approximation are very close to the wave functions in the LS coupling limit. 

5.3 MeV level. Comparison of the calculated angular distributions with the 
experimental results (Fig.4) shows that the assignment for the 5.3 MeV level is 
5/2; the value of the radiation width indicates that this level is excited by Ml 
and E2 transitions (Table 2) and is characterized by odd parity. Thus the 5.3 MeV 
level may be classified as 5/27 and is, apparently, the level predicted in the 
calculations1!-4 mentioned in the introductory paragraph and identified as SP lh 
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Table 1 
Angular distributions of tritons in the Li?’ (y,t) reaction 
Multipole Curve No. 
order of Ix ea f (9) ine igss 
Y-transition An 
S/o 2 1 + sin2 1 
E\ 3/o Dy 4—0,43 sin?) B 
Vo 0 const = 
5/y 3) { + sin?> 1 
M1 3/5 4 1—0,43 sin?d 2 
1), 1 const = 
( 7lo 3 1-3, 528 cos? — — 
| — 2,647 cos*d 
E2 j 5/o 3 1—1 ,875 cos? + 3 
4 1 + 2,5 cos? 
3/5 i} const = 
| To 1 const = 


*I - spin of the excited state of Li’. 
**kLx - relative orbital momentum of the triton and Q-particle. 


Table 2 
Comparison of the calculated and experimental radiation widths 
of the Li’ levels 


Level ‘theo’ MY Fs ee 
energy, sth 
rove Et | MA | E2 in 
Deo Peek Ss PPro lao lane (2,0+1,2)-104 
6,6 liga Sal Oi To AMOS 4) 50 (0,9+0,4)-10-° 
8,3 1,08-10-° OeroukO=t — (4,3+0;6)-10-7 
Table 3 in the LS coupling scheme. This inference is 
Ratios of the reduced Q-particle substantiated by analysis of the O-particle 
widths of the Li? levels to the reduced widths, from which it follows that 
Wigner limit the reduced width is close to the single- 
particle width for L= 3 (Table 3). 
a roa In the intermediate coupling approxima- 
es tion allowance is made for mixing of states. 
MeV L o| Li=4 {e CN io Hence, in addition to E2 transitions, which 


alone cannot explain the experimentally mea- 

56 sured width IT, for this level, it may be ex- 

93 cited by Ml absorption, owing to admixture 

a of states. In this case, inasmuch as the 
intensity of M1 transitions is some 40 times 
greater than the intensity of E2 transitions, 

even a small admixture of p states (5-10%) is sufficient for Ml absorption to pre- 

dominate and determine the intensity of the transition; this apparently obtains 

in our case (see Fig.4 and Tables 1 & 2). 

6.6 MeV level. The angular distribution of phototritons for the 6.6 MeV lev- 
el obtained experimentally is in good agreement with the curves calculated for 
spin 5/2 in the case of El and Ml transitions. The experimental width I, for this 
level is some 4-5 times smaller than the calculated width in the case of El tran- 
sitions, and ~10 times greater than the calculated width in the case of Ml tran- 
sitions. Apparently, the 6.6 MeV level is excited by El absorption and has even 
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In several investigations of the Li8(d,p) Li? reaction there was also ob- 


arity. : 
Apne a level at 6.5 MeV (Ref.5). It was interpreted as a level with configura- 
tion 1s!1p?2s,, However, detailed examination of the characteristics of the ana- 


logous level in the mirror nucleus Be’ showed that identification of it as a Fee 
1s1p?2s,, level encounters certain difficulties, primarily difficulties in exp ain- 
ing the large Q-particle reduced widths obtained in exper uenrs We hypothesize 
that the observed 6.6 MeV (5/2+) level has the configuration 1s*lp*. In this case 
it has an Q-particle width close to the single-particle width and a small reduced 
width for nucleons. The last, apparently, is the reason why this level is so 
weakly evinced in the Li® (d, p) reaction and was not detected at all in a recent 
investigation® of this reaction. Inasmuch as the 6.6 MeV (5/2*) level in the LS 
coupling scheme has 1 = 2, there should at a lower energy be an analogous level 
with L = 0 and IX = 1/2*. 

There are certain indications that there exists a level at +3 MeV, but its 
attributes are not known.® Moreover, if the 6.6 MeV level has the above mention- 
ed configuration, somewhat above it in the energy scale there should be an ana- 
logous level with I™ = 3/2t. Possibly this level is the 7.5 MeV level. Unfortun- 
ately, owing to the poor resolution we were unable to determine the spin of this 
level with certainty. However, the angular distribution obtained for it does not 
conflict with the assignment 3/2. As for the known® 7.45 MeV (5/27) level, the 
cross section for absorption of photons to this level is presumably small and it 
is impossible to detect it against the background of the above mentioned dipole 
transitions. 

It must be noted that calculations in the framework of the shell model indi- 
cate that levels with the 1s°1p* configuration should lie in the range of low ener- 
gies. The fact that the radiation width for the El transition proved to be great- 
er than the experimentally observed width may be due to mixing of configurations, 
as a result of which there may occur weakening of the transitions to the low-lying 
states and enhancement of transitions to high-lying levels. 

8.3 MeV level. From analysis of the angular distributions (Fig.6) it follows 
that the possible assignments for this level are 3/2t, 3/2 and 5/27. Comparison 
of the calculated radiation widths for El, Ml and E2 transitions with the experi- 
mental values shows that the integral cross section corresponds to the intensity 
of Ml transitions. This is also indicated by comparison of the reduced Q-particle 
widths (Table 3) which shows that the reduced width is close to the single-parti- 
cle width for L= 1 and that in the LS coupling scheme the 8.3 MeV level may be 
identified as [21] “P.,. From this it follows that the 8.3 MeV level has spin and 
parity 3/27. 

Thus we have established that there may exist the following levels in the 
Li’ nucleus: 5.3 + 0.2 (5/27), 6.6 + 0.2 (5/2t) and 8.3 + 0.3 MeV (3/27). The 
indicated energies, as will be evident from Table 4, are in good agreement with 
the results of Erdds et al§; moreover, the position of the 5.3 and 8.3 MeV lev- 
els with odd parity is in agreement with the level scheme for Li? proposed by 
Balashov®, 

We desire to express our deep gratitude to V.V.Balashov, V.G.Neudachin, 
N.P.Yudin and Yu.F.Smirnov for valuable discussions, to A.V.Rudchenko for assis- 
tance in processing the experimental data and to the personnel of the betatron 
for assistance in the work. 
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Table 4 
Energies and spins and parities of the Li’ levels according to different data 
Ret. 5 Ref.6 | Our work Ref. 3 
IB, MeV I™ EB. Mev [7 E, Mev | qI™ E, Mev I™ 
0 ee = rs =3 = 0 HL 
0,478 eS = — — — 0,477 Se 
4,63 is 4,7 Mes - — 4,74 ee 
ae i? a 3,0 S/o °/9 My ’ 9,3+0,2 ORE 5,00 p= 
6,54 (Gi/at. 6,8 Tst PF /o /2 ? 6,6-L0,2 aoe ee aaa 
3/9*) 2-7/2 
= ca = = = = 6,98 3/97 
7,47 Si (7,4) — (7,520, 25) ae 7,46 B/- 
le =a = a = 7,76 1 /9- 
= — (8,3) — 8, 30,3 4 8,41 oT ae 
a = (9,0) ae =. 8,86 2 Jo 
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PROBABILITIES FOR SINGLE-PARTICLE TRANSITIONS IN Ybi73 
- E.E.Berlovich, M.P.Bonitz, Yu.K.Gusev & M.K.Nikitin 


The results of measurements of the probabilities for single-particle transi- 
tions in deformed nuclei can be compared with the simple Weisskopf single-particle 
evaluation and with the more rigorous formula of Nilsson? for ellipsoidal nuclei. 

In the present work we investigated the mean lifetimes of the 351 and 637 keV 
levels in Yb!73, which forms from 480-day Lul73 by K capture. The decay scheme 


for Lut73 (see Refs.3-5) is given in Fig.1. 
In the literature there can be 


found only the lifetimes of the first 
Lu’? 460 day two excited states of Yb173 (79 and 
[sje Gee 179 keV), which were determined from 
Tyy2(49202) 10" "SCC Coulomb excitation experiments by de 
Boer et al%,. The accuracy of these 
data is low, inasmuch as the E2 com- 
ponent in these transitions is very 
weak (4.5% according to Romanov et 
230% 1,=(47%99)-0""sec al’). Recently we determined the 
lifetime of the 79 keV level directly 
by the method of delayed coinciden- 
26% ces8 and obtained T79 = (3.8 + 0.5)° 
-jo7il sec, in agreement with the de 
46% 17(38*95) 10" sec Boer et al. This enabled us to deter- 
mine the gyromagnetic ratios for Yb173. 
in addition, knowledge of the lifetime 
of the 79 keV state is essential for 
Fig.1. Decay scheme for Lul73 (Bichard determining the lifetimes of the 351 
et al4), and 637 keV levels. 


(NnAJK 17 E,xeV 
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1. Experimental part 


For determining the level lifetimes we used the "multichannel time analyzer 
procedure’; this has been described in detail in Refs.9 & 10; hence here we shall 
only mention the distinctive features of the present experiment. As in earlier 
measurements, we made sure that the measured (Lu!73) and reference (Na22) sources 
had nearly the same strength. In addition, we insured virtual identity of the 
"single-pulse curves’ for the measured and reference sources; hence the observed 
shifts of the coincidence curves were due only to the finite lifetimes of the in- 
vestigated levels. 

We recorded coincidences between the x-radiation accompanying K capture (by 
a 30 x 30 mm stilbene crystal) and the y-rays accompanying de-excitation of the 
excited states (by a 30 x 30 mm NaI(T1) crystal). A 1 mm thick phosphor bronze 
absorber in front of the NaI(T1) crystal served to reduce the x-ray flux compris- 
ing an appreciable portion of the radiation from Lul73 (20%). By way of refer- 
ence source in both cases we used Na22 (annihilation radiation). The measurements 
with the investigated and reference sources were alternated repeatedly; this mini- 
mized the influence of slow drift of the electronic circuits on the results. An 
idea of the time resolution of the set-up may be obtained from the insert in Fig. 
2, which shows the resolution curve obtained with two NaI(T1) crystals at an ener- 
gy of 511 keV in each branch (Na22 source). 
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poeee Coincidence curves for determining the lifetime of the 351 keV state of 
Yb (At = delay). Insert - curve of prompt coincidences of the annihilation 
photons from the Na22 source. Channel width 2.3-10719 sec. 


351 keV level 


The 351 keV level is de-excited by three El type transitions - 351, 272 and 
171 keV - of which the second is the most intense; hence in our experiment the 
gate of the differential discriminator in the channel detecting the y-rays was 
set on the 272 keV line, while the gate in the other channel was set on the x-ray 
peak, which is clearly evinced in the spectrum recorded by means of a stilbene 
crystalll, By control experiments with an Hg203 source, which emits only one jy- 
line of close energy (279 keV), it was established that under the conditions of 
our experiment there are no spurious coincidences with back-scattered photons. 
However, the coincidences of 272 keV y-rays with x-rays accompanying K capture 
are inseparable from coincidences of the 272 keV y-rays with the x-rays accompany- 
ing the internal conversion electrons of the 79 keV transition, which is in cas- 
cade with the 272 keV transition. Coincidences of the second type gave rise to 
an additional shift of the coincidence curve in the direction opposite to the shift 
produced by coincidences of the first type. However, knowing the K conversion co- 
efficient for the 79 keV transition, which determines the number of accompanying 
x-ray photons, and the lifetime of the 79 keV level (Ref.8) , we could allow for 
this effect. After introduction of the appropriate correction to the experimental 
results (Fig.2), we obtained a value of (4.7 + 0.3)-10719 sec for the mean life- 
time of the 351 keV level. 

A certain asymmetry of the curves is explained by the use of crystals with 
different characteristics (NaI(T1) and stilbene). A somewhat greater width of the 
"prompt" coincidence curve (with the Na22 source) as compared with the investiga- 
ted curve is explained by the fact that the shapes of the Na22 and Lul7S spectra 
within the limits of the chosen "gate" differ from each other, although the "ener- 
gy centroids” of the Na?2 and Lul?3 peaks coincide: the Na22 spectrum varies 
smoothly (Compton distribution section) , while the Lul73 spectrum contains a photo- 
peak in the region of the gate, which is equivalent to effective reduction of the 
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Fig.3. Coincidence curve for determining the lifetime of the 
631 keV state of Yb173, 


gate width. Naturally, the steeper coincidence curve for the Lu173 source at a 
certain value of the relative bias can intersect the coincidence curve for the 
Na22 source. The time resolution in our experiments was about 4°10-9 sec; the 
duration of the experiment was 10 hours. 


637 keV level 


The 637 keV state is de-excited by four low intensity transitions: 637, 558, 
457 (Ml + E2) and 285 keV (El). 

The gate of the differential discriminator in one channel was set on the re- 
gion encompassing the photopeaks of the two highest energy y-rays (637 & 558 keV), 
while the other channel detected the x-radiation. In addition to the coincidences 
of interest, in this case there were also present a few coincidences of the 558 
keV y-rays with the x-rays accompanying the internal conversion electrons of the 
79 keV transition; these additional coincidences were corrected for in processing 
the experimental results (Fig.3). Owing to the low coincidence counting rate the 
duration of the experiment in this case was about 27 hours. Thanks to the high 
energy of the y-rays the time resolution in this experiment proved to be better 
than in the preceding case and equaled 2:1079 sec. After introducing the appro- 
priate corrections we obtained Tg37 = (1.9 + 0.2)°10719 sec. 

These experiments show that the important attributes of our time-to-amplitude 
converter, namely, the lower sensitivity to variation in the pulse rise time, 
favors use of NaI(Tl) crystals without any additional measures such as, for ex- 


ample, employment of wide band amplifiers between the photomultipliers and the 
pulse limiters, 
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2. Discussion 


For calculating the radiative lifetimes for El type transitions with ener- 
gies of 171, 272 and 351 kev (from the 351 keV level) and Ml type transitions 
with energies of 457, 558 and 637 keV and an El type transition with an energy 
of 285 keV (from the 637 keV level) we used the relative intensities of the K con- 
version lines taken from the work of Bichard et al* and the internal conversion 
coefficients from the tables of Sliv & Bandl2. We did not take into account the 
possible admixture of higher multipole orders, for according to Bichard et al such 
admixture in the case of the El transitions does not exceed 7%. The radiative 
lifetimes listed in colum 6 of Table 1 were calculated by means of the formula 


1+ os) 
N. SN 
v k 


where Vi is the total intensity and a; is the total conversion coefficient of the 
i-th transition. In columns 7 & 8 of Table 1, we list the theoretical values of 
the radiative lifetimes calculated according to the Weisskopfl single-particle 
formulas and according to the Nilsson? formulas for single-particle transitions 
in deformed nuclei. In columns 9 & 10 we give the values of retardation factors 
relative to the results of both types of calculation, namely, 


te =" lean 


Ty 
; and Fy = 7, 
W N 
It will be evident from Table 1 that in six cases the experimental data are 
in good agreement with calculations by Nilsson's formulas, but in the case of the 
El transition from the 351 keV level to the ground state the retardation factor 
Fy is very appreciable: ~2200. 


Fw = 


T 


Table 1 
Radiative lifetimes and retardation factors 


Multi- |, : 
E,, keV sae Ne (Hl | Nz |e 1121] ty, sec |ty,,, sec ry 150 Fy Fy 
order 
7A Ei ae IES 0,088 |1,01-10-8 |6,3-10-24]4,1-10-® | 1,6-105 De 
272,4 FE 100 4,13|0,029 | 7,6-410-10/1,6-10-24]1,3-10-29| 4,8-104 5,9 
Shee EA 4,0:157 0,013 |3,85-10-8 |7,3-10-2 |1,76-10-4) 53-108 |2200 
457,41 M1 1,4 |18,8 |0,059 |5,23-40-® |3,4-10713 |5,15-10-8| 1,5-104 0,1 
558,14 M1 2,2 | 7,15|0,033 |4,98-10-° 49-10-18 |3,52-10-| 1,0-104 0,6 
636,8 M1 5,8 | 1,9 |0,024 |5,37-10-2°1,26-10-13|2,98-10-14 4,2-108.| 1,8 
285,6 E1 2,8 | 3,8 |0,023 |1,05-10-° [14-10% /4,53-10-9| 7,5: 108 | 0,2 
Table 2 In Table 2 we give a compari- 
Comparison of the retardation factors for the son of the Fy retardation factors 
transitions in yb173, Lul75 and H£177 for El transitions in Yb173 with 
factors for the neighboring nuclei 
| Lut75 and Hfl77 (values taken from 
| EN oan Refs.13 & 14, respectively). It 
Nucleus | To To first BO second will be seen that anomaly of the 
| rom Spel ins level transition to the ground level is 
observed in these nuclei as well 
ao D178 2200 5.9 2,5 (the retardation factors equal 31 
aul 31 3,5 0,5 and 400, respectively). 
Hf? 400 0,6 1,0 4,14,15 


A number of authors 
have called attention to violation 
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of the Alaga intensity rules!& for single-particle transitions to different levels 
of a rotational band. Some authors!4,1°5 have hypothesized that the departure from 
the intensity rules occurs because transitions to rotational levels are favored. 
It follows, however, from our measurement results that the probabilities for tran- 
sitions to rotational levels are in satisfactory agreement with those given by 
Nilsson's formula and that the departure from the Alaga intensity rules occurs 
because of strong retardation of El transitions to the ground level. The charac- 
ter of this anomaly and the great strength of the effect do not allow of explain- 
ing them on the basis of the assumption of shift of the levels, as was success-—- 
fully done by Hansen et all7 for 2+ transitions in even-even nuclei. For the same 
reasons, recourse to the hypothesis of inaccuracy of the adiabatic approximation 
for explaining the observed anomaly is also unsatisfactory. Apparently, this 
anomaly cannot be explained in the framework of the unified nuclear model; proba- 
bly there are involved here certain effects that are not taken into account by 
this model. It is not impossible that it may prove feasible to explain the anoma- 
ly by taking into account the effect of superfluidity18-20, 


"A.F. Ioffe’ Physical-Technical Institute 
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GAMMA-RAYS PRODUCED IN INELASTIC SCATTERING OF 2.95 MeV NEUTRONS BY 
yi27 Lal39 AND Bi209 


- L.Ya.Graudynya, K.A.Petrzhak & A.V.Sorokina 


One of the convenient methods of 
investigating energy levels of stable 
nuclei is study of the y-rays emitted 
as a result of inelastic neutron scat- 
tering. In recent years there have 
been published a number of experimen- 
tal papers on the subject, but the 
results reported are frequently in 


conflict. 
Fig.1. Diagram of the experiment: 1) In the present work we investi- 
deuteron beam, 2) deuterium target, 3) gated the spectra of y-rays produced 
lead cone, 4) scatterer, 5) crystal, in inelastic scattering of 2.95 MeV 
- 6) photomultiplier, 7) black paper neutrons by I127, 1a139 and Bi209, 
light shield. The source was a neutron genera- 


tor operated at a voltage of 180 kV. 
The neutrons were obtained by the D(d,n)He® reaction on a thick Zr-Mo target with 
adsorbed deuterium. The neutron flux was monitored by a long boron counter cali- 
brated with reference to a standard Ra-Be neutron source. 

The y-ray spectra were investigated by means of a scintillation spectrometer 
with annular geometry. The experiment is diagramed in Fig.l. The scatterer (4) 
was a thin-walled ring-shaped container of plexiglas which was filled with the 
scattering substance. In the case of I127 this was crystalline iodine (286 ¢g), 
in the case of Lal39 - lanthanum oxide (220 g), and in the case of Bi299 -~ bismuth 
granules (1000 g). All the substances were of the chemically pure grade. 

The scintillation spectrometer proper consisted of an NaI(T1) crystal 40 mm 
in diameter and 40 mm thick, a FEU-13 photomultiplier and a 63-channel pulse height 
analyzer. The energy resolution of the spectrometer was 10-11% (Cs137 660 keV y- 
rays). A lead cone (3) served to protect the crystal from the direct beam of neu- 
trons and y-rays. The background due to neutrons elastically scattered in the 
crystal, scatterer and surrounding objects was determined by measuring the y-ray 
spectrum with the element-filled scatterer replaced by a solid ring of plexiglas. 
The number of scattering atoms in the different scatterers was the same. 

The y-ray spectrum emitted in the case of inelastic neutron scattering by 
Bi299 has been thoroughly investigated by a number of authors!-6, and accordingly, 
in the present work was used as a control for the operation of our experimental 
set-up. The recorded y-spectrum (Fig.2) is in agreement with the data of other 
authors, except that the 1.29 MeV line observed by Androsenko et al® was not de- 
tected in the present work. The peak evidenced in Fig.2 in this region is due 
entirely to the Compton distribution. 

The y-ray spectrum obtained in the experiments with Lal39 is shown in Fig.3; 
there are evident y-lines with energies of 0.64, 0.79, 1.24, 1.43, 1.75 and 2,08 
MeV. 

: Two excited levels in Lal39 - 0.163 and 1.43 MeV - are known’ from radioactive 
decay of Bal39, It may be assumed that the 1.24 MeV line is due to a cascade tran- 
sition from the 1.43 MeV level to the ground state via the 0.163 MeV level. The 
0.79 MeV line is in all probability due to inelastic scattering of neutrons in the 
lead shield. The number of neutrons elastically scattered at large angles and en- 
tering the lead cone, in the case of a lanthanum scatterer, must be greater than 
in the case of a ring of solid plexiglas; hence one can expect the appearance of 


- 1292 - 


0,87 
40 6,50 
NV 
74 
f net 50 
0,87 
uy 
L6/ 
2,65 
20 40 60 20 30 20 IG 60 
Channel Channel 


Fig.2. Spectrum of y-rays emitted in inelastic scattering of 2.95 MeV neutrons 
in Bi209, 


a more intense y-line from the lead. Upon replacement of the lead shielding cone 
by an aluminum cone, there appeared in the Lal39 y-ray spectrum, in place of the 
0.79 MeV y-line, 0.83 and 1.02 MeV lines, i.e., the most intense lines in the 
spectrum of A127, 

As compared with Bi299 and Lal39, the y-ray spectrum in the case of 1127 is 
rather complex (Fig.4). In addition to the familiar y-lines, there were detected 
three y-transitions with energies of 0.49, 2.13 and 2.66 MeV. A transition of 
0.49 MeV energy was first detected in the work of Day in investigating the spec- 
trum of y-rays produced in an NaI(T1) crystal, but was not definitely attributed 
to 1127, It also follows from the work of Day that this y-transition appears at 
neutron energies above 2.12 MeV and is associated with excitation of high-lying 
levels in the iodine nucleus. The 2.13 MeV y-line may appear as a result of photo- 
production of pairs in the NaI(T1l) crystal by 2.66 MeV y-rays and emission of an 
annihilation photon. However, the intensity of such a line, if it is determined 
relative to the intensity of the similar "pair" y-line in the spectrum of Na24 
should be 5-6 times lower than the measured intensity. This fact is substantiated 


AM presence of an independent 2.13 MeV y-transition in the y-ray spectrum of 
I ° 
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Fig.4. Spectrum of y-rays emitted in 
inelastic scattering of 2.95 MeV 
neutrons in 1127; a) low energy part, 
b & c) high energy part. 
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Fig.3. Spectrum of y-rays emitted in inelastic scattering of 2.95 MeV 
neutrons in Lal39, 


The results of the present work are listed and compared with the data of 
other authors in the accompanying table. 

We desire to express our gratitude to 0.I.Kostochkin and S.N.Korshun for 
assistance in carrying out the experiment. 
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SEMICONDUCTOR SPECTROMETERS FOR CHARGED PARTICLES 
- L.A.Zubritskii, A.I.Popov, P.V.Sorokin & V.F.Samoilov 


Introduction 


In recent years there have been published several papers!-7 describing the 
use of semiconductor devices for detecting charged particles. Such spectrometers 
are in many respects superior to scintillation spectrometers and ionization cham- 
pers. The sensitive element in a semiconductor spectrometer is the space charge 
region formed in the junction under reverse bias. The width of the space charge 


region is given by the formula 


where € is the dielectric constant of the semiconductor, @ is the contact differ- 
ence of potentials, Vis the voltage on the junction, p is the resistivity of the 

semiconductor, which depends on the impurity concentration, and yu is the mobility 

of the majority current carriers. 

In passing through the space charge layer of a p-n junction a charged parti- 
cle expends part of its kinetic energy on production of electron-hole pairs. Owing 
to the strong electric field in the space charge region, the current carriers pro=- 
duced along the path of the moving particle are swept to the junction boundary, 
giving rise to an increase of the current in the bias-providing circuit. This 
leads to appearance of a pulse on the p-n junction, if there is a sufficiently 
large load resistance in the supply circuit. 

P-n junctions can be used for spectrometry only provided the particle range 
lies within the dimensions of the space charge region, i.e., when all the current 
carriers produced by the charge particle are in a strong electric field and are 
drawn out of the volume of the semiconductor at a high rate. This insures a steep 
rise of the pulse and the absence of recombination losses of the carriers produced 
in the volume of the semiconductor. In this case virtually all the minority car- 
riers produced by a charged particle reach the junction boundary and the amplitude 
of the pulse is proportional to the particle energy: 


E 
Vpul a me (2) 


here Eis the particle energy, €, is the pair production energy in the semiconduc- 
tor (for silicon e = 3.6 eV; in germanium - 2.9 eV), and Ci, is the input capaci- 
tance which is comprised of the junction capacitance and the capacitance of the 
associated circuit. 

Such detectors can be utilized as spectrometers for heavy particles (protons, 
Q-particles, fission fragments, etc.) inasmuch as the space charge region of a p-n 
junction prepared of high purity materials cannot be greater than 1 mm. Investi- 
gations!,3,6 have shown that the pair production energy and, consequently, the 
height of the pulse do not depend on the type of ionizing particles. 

Semiconductor spectrometers have good time characteristics, inasmuch as by 
virtue of the strong electric field in the space charge region (104-105 V/cm) 
the carrier collecting time is very short: 5:°10710 to 5-1979 sec. 

We prepared a number of semiconductor spectrometers and investigated some of 
their properties using Po210 q-particles. The output pulses were amplified by a 


linear amplifier with an expander and analyzed by means of a 100-channel pulse 
height analyzer (type AI-100). 
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Germanium spectrometers 
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The germanium spectrometers were prepared 
using electronic grade germanium with a resistivi- 
ty of 40-45 ohm-cm. The surface barrier p-n junc- 
tions were produced by sputtering gold on the 
germanium surface. For fabricating the semicon- 


Se] [ee ductor spectrometers the germanium was cut into 
59 x 5 x 1 mm plates. The plates were etched in 
SR-4 (CP-4) solution to formation of a specular 
surface, washed, dried and soldered (tin solder 
with a small amount of antimony) to a kovar (fer- 
Fig.1. Design of the semi- nico) crystal holder. Simultaneously with the 
conductor spectrometer: 1 - soldering, there was melted into the plates an 
5 x 5 x 1 mm germanium plate, indium pellet, which produced an alloyed p-n junc- 


1 


2 
3 
4 


500 A thick gold coating, tion about 0.3 mm in diameter. After soldering to 
melted-in indium pellets, the holder, the plates were etched in boiling 
kovar (fernico) crystal H90q (for 0.5-1 min), washed twice in distilled 


holder. water and dried. The edges of the plates were 
then coated with a protective layer of BF-2 var- 
nish, which limited the region of the p-n junction and served to prevent shorting 
of the gold layer to the holder. After this, the plates were mounted in a vacuum 
unit, cleansed by ion bombardment and coated with a ~500 A thick layer of gold. 
The gold film provides for making reliable contact with the external circuit. 


A 
fe Yus, mV 
S 4 
1 2 
20 40 Ue, ae SC ® V, 
Fig.2 Fig.3 
Fig.2. Current-voltage characteristic of gold-germaniun 


spectrometer. 
Fig.3. Variation of the pulse height as a function of the 
bias voltage on the p-n junction. 
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The design of 
the semiconductor spec- 
trometer is shown 
schematically in Fig. 
1. The gold-germanium 
spectrometer was in- 
vestigated at liquid 
nitrogen temperature. 
The current-voltage 
characteristic of the 
spectrometer is shown 
in Fig.2. Comparing 
the current-voltage 
characteristic of our 
spectrometer with that 
described by Halbert 
& Blankenship®, 
it may be noted 
that our spectro- 
meter has a high- 
er quality junc- 
tion. This makes 
it possible to 
apply to the 
junction an ap- 
preciably higher 
reverse bias and 


Fig.4. Variation of the resolution of the gold-germanium spec- to form a larger 


trometer as a function of the voltage on the p-n junction. 


Fig.5. Spectra of Po210 qQ-particles (1) and pulses 
from a pulse generator (2). 


space charge re- 
gion. 


- 1298 - 


tion of the pulse height as a function of the bias volt- 


rapid increase in pulse amplitude with increase of the 
n the capacitance of the junc- 


Fig.3 shows the varia 


age on the junction. The 
voltage from 0 to 5 volts is due both to decrease 1 
tion and to appreciable improvement in collection. Above 5 volts the increase in 


pulse height is connected mainly with decrease of the junction capacitance. 

Fig.4 shows the variation of DE/E as a function of the voltage on the junc- 
tion. With increase of the voltage from 0 to 95 volts, the resolution improves 
owing to improvement of current carrier collection. At a low voltage on the junc- 
tion the width of the space charge layer is less than the Q-particle range in ger- 
manium and collection of carriers is realized mainly owing to diffusion. In this 
case an appreciable fraction of the carriers can recombine. Under these condi- 
tions the fluctuation in the number of nonrecombining carriers is greater and the 
resolution poorer than in the case of complete collection of current carriers 
Above 30 volts the resolution is impaired owing to the appearance of noise con- 
nected with increase of the current flowing through the junction. 

It should be noted that the indicated 1.25% resolution is not the intrinsic 
resolution of the spectrometer, but is determined by the noise level of the ampli- 
fier. Fig.5 shows the spectrum of pulses from Q-particles and from a pulse gener- 
ator. It will be seen that the relative half-widths of both peaks are equal. 
Hence the resolution of our spectrometer is better than 0.5%, inasmuch as with an 
intrinsic spectrometer resolution of 0.5% the relative line width for Q-particles 
would be 1.35%, which would be readily noticeable. 


Silicon spectrometers 


The silicon spectrometers were prepared by a somewhat different procedure. 
The initial material was electronic grade silicon with a resistivity of 100 ohm- 
cm. The silicon single crystal was cut into 4 x 4 x 1 mm plates which were etched 
in a mixture of nitric and hydrofluoric acids... The junctions were prepared by 
vacuum evaporation of boron onto the silicon plates heated to 1200°C, with subse- 
quent diffusion of the boron to a depth of <1 micron. After diffusion, the excess 
p-layer was etched off, the plate was washed and soldered, using gold solder with 
2% antimony, to a tantalum crystal holder. At the same time there was soldered 
to the p-layer an aluminum contact. The design of the silicon instrument is ana- 
logous to the design of the germanium spectrometer with the difference that the 
gold layer was replaced by a thin diffused layer of p-silicon. The silicon spec- 
trometer were investigated both at room temperature and a liquid nitrogen tempera- 
ture. 

The variation of the resolution AE/E as a function of the voltage on the 
spectrometer, recorded at room temperature, is shown in Fig.6. It will be seen 
that such a spectrometer has a resolution of 3% at a voltage of 5 to 10 volts. 
Above 10 volts the resolution is impaired owing to increase of noise. The varia- 
tions of pulse height and resolution as a function of the voltage on the junction 
at liquid nitrogen temperature are shown in Figs.7 and 8. The resolution remains 
constant at about 2.5% with variation of the voltage from 50 to 180 volts. The 
current through the junction up to 200 volts is less than 0.01 WA. At a voltage 
in excess of 200 volts there is observed a sharp increase in current. However, 
after removal of the voltage the spectrometer recovers its initial characteristics. 

In the case of the silicon spectrometers we also determined the effective 
thickness of the sensitive (depleted) layer. For determining the effective depth 
of the sensitive layer we recorded, with the spectrometer at liquid nitrogen tem- 
perature, the pulses from protons elastically scattered by a thick beryllium tar- 
get. The maximum energy of the scattered protons was 2.2 MeV. The pulse spectra 
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Fig.6. Variation of the 
resolution AE/E of a 
Silicon spectrometer at 
room temperature as a 
function of the voltage 
on the p-n junction. 
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Fig.8. Variation of the 
resolution of the sili- 
con spectrometer at 
liquid nitrogen tempera- 
ture as a function of the 
voltage on the p-n junc- 
tion. 
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Fig.7. Variation of the 
pulse height as a func- 
tion of the voltage on 
the p-n junction at liqu- 
id nitrogen temperature. 
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Channel 
Fig.9. Spectra of pulses 
from protons scattered 
in a thick beryllium tar- 
get at different voltages 
on the p-n junction of 
the silicon spectrometer. 


at different voltages on the 
junction are shown in Fig.9. 
At a voltage of 5 volts the 
high-energy protons lose only 
part of their energy in the 
sensitive layer and in the 
pulse spectrum there appears 
a peak corresponding to the 
energy lost in the layer. 

At a voltage of 30 V on the 
junction this peak disappears. 
This means that at this point 
the thickness of the sensi- 
tive layer becomes equal to 
the proton range. From this 
it follows that the effect- 
ive thickness of the sensi- 
tive layer of the detector 

at a voltage of 30 V amounts 
to 55 microns. The width of 
the space charge layer calcu- 
lated by means of Eq. (1) 
equals 27 microns. Thus it 
is found that the effective 
depth of the sensitive layer 
is 28 microns greater than 
the thickness of the space 
charge region in the p-n junc- 
tion. This is explained by 
the fact3 that an appreciable 
fraction of the current car- 
riers produced by the charged 
particles outside the space 
charge region diffuses into 
this region and participates 
in the formation of the pul- 
ses. 


We desire to express our gratitude to A.K.Val'ter and A.Ya.Taranov for guid- 
ance in carrying out the work. 
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ELEVEN-COUNTER INSTRUMENT FOR MEASURING y-y ANGULAR CORRELATION 
- A.I.Belyaevskii & Yu.A.Gur'yan 


1. Principle of operation 


Investigations of y-y angular correlation can yield information in the spins 
of nuclei in excited states, on multipole orders and on the mixing coefficients 
for mixed radiations. Using the dependence of the angular correlation on oo ee 
fields one can determine the magnitude and sign of g (the gyromagnetic ratio) or 


Q _ (the product of the nuclear quadrupole moment in the given state by the 
gradient of the electric field). There are other uses for this type of correla- 
tion. 

For example, Jacobsohn & Henley! proposed measurement of triple B-y-y angu- 
lar correlation for testing time-reversal invariance. For carrying out such ex- 
periments within a reasonable time one must have available an instrument with a 
high efficiency, inasmuch as here one must deal with the products of three small 
solid angles. 

The ordinary two-counter instrument usually employed for measuring angular 
correlations is unsatisfactory in this case, as it is in cases when the radiation 
source is short-lived (<10 min) or weak. 

In Ref.2 one of us proposed a new method for investigating angular correla- 
tion; in employing it, when there are used 11 counters, coincidence measurements 
are realized simultaneously at five angles and the overall efficiency of the opera- 
tion is increased by a factor of 110. Below we describe briefly the principle of 
operation of this instrument (a detailed description will be found in Ref.2). 

The scintillation y-spectrometers are positioned uniformly on a circle. Co- 
incidences between two y-rays emitted in cascade and detected by any pair of 
counters are recorded by a mechanical register corresponding to the angle of di- 
vergence of the given pair. The pulses from the y-rays must satisfy the condi- 
tions for amplitude set by the thresholds and widths of the analyzer channels and 
must be simultaneous to within the resolving time of the coincidence circuit. 

In principle, for this purpose, one must have 11 counters, 55 fast pair co- 
incidence circuits corresponding to all combinations of the 11 counters taken two 
at a time, and 22 single-channel analyzers. In addition, there must be a unit, 
called an angular selector in Ref.2, which distributes the pulses among the mech- 
anical registers according to the divergence angle attribute. In this case there 
are five such registers for divergence angles of 32944', 65°28', 98°10', 130°54' 
and 163938'. The first two angles actually correspond to angles of 147932' in the 
second quadrant inasmuch as the angular correlation function is expressed in terms 
of cos*@ (i.e., cos? m# = cos? (180° — mé), where m is the angle multiplicity factor. 

In this arrangement all the counters are identical. Variation in the effi- 
ciency of one of them leads to a proportional change in the number of coincidences 
counted at all the angles. Since we are interested only in the ratios of intensi- 
ties, such a change in efficiency does not affect the sought angular correlation 
function. More accurately, it is evinced in appreciably weakened form owing to 
the effect of equalization. This effect of equalization of the ratios of the co- 
incidence counting efficiencies at different angles e(mé)/e(0), where 


n 
\ , ” C2 
& (m0) = > C:€i +m + Cieitm, (1) 
i=1 


was calculated in Ref.2 on the assumption that the efficiency y of the coincidence 
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circuits equals unity. Below we remove this restricting assumption and calculate 
the effect on the general case when ¥<1. The first term in the sum (1) corre- 
sponds to 'direct" coincidences (55 pairs), the second term to "cross" coinciden- 
ces; the single and double primes indicate that the given y-rays belong to differ- 
ent transitions in the cascade; m takes on the values 1,2,3,4 & 5, and 


ej =e(l = 8:), 
where the 6; are the relative deviations from the mean value for each of the 11 
counters. 


Analogously, let us write the efficiencies for detecting individual "pair" 
coincidences (7Yi,ijm) and "cross" coincidences (Yijm,;) in terms of the mean effi- 
ciency y for all 110 pair combinations and the relative deviation from it D 


Yi, itm = Y (1 + Di,itm), 
Titm,i = 7 (1 + Ditm, i), 
Inserting these in (1), we obtain 


ert eh g bd 
i,i+m ° 


n 
€ (m8) = >) Ci mYi, i+m + CiCi+mYitm, i = 
i=1 


ey Dy (A + 83) (1 + 8igm) (1 + Di, 4m) + (1488) (14854) (1+ Dipn,i) = 


=1 


LS AA . f, 4 Mae | EROS | i e i : 
© > \i alas: [8:9i4m + 8i8:4m + Di, i¢m (1 + 8) + Sitm) + Dism,i (4 + 6: + Si4m)]| : (2) 


In opening the parentheses we have discarded all third order and higher terms. 
The ratio characterizing the uniformity of the total efficiencies in count- 
ing coincidences at different angles will be (the 2e’c’y term cancels out): 
Por Date 3:5; :-m 7 8355+ Dy itm (14-8; +55 om) + Di tm,i (14-6;+5; 4 m)D 
a : a ee er a a ed ct te cl alot Sa ache ° (3) 
= (0) p> {1 + Me (5;5:44 = 8:6;44 ar dD; i441 (1+-6;-+-6;4,) se Dias, i (1-+-6;+6;,)]} 
t 
Let us find the minimum and maximum possible values for this ratio, using 
absolute values and assuming 


18:1<46; | Ditm, i| =| Di, t4+m| < D. 


Substituting in (3), we obtain 


{— 6 —= D(i-F 28) _-e(mp) 14 0 Dil + 28) 5 
T+e2+D(1+2) S e(§) Si—&—D(1l +28)* ( 


If all the 7j,;4mand Yii+m,i equal 1, then D= 0, and we obtain the expression 


4—6? -e(m 4-1 §? 
pe Sy Site oe 
which is in agreement with that deduced earlier in Ref.2. 

D enters into (4) linearly; hence the requirement that the efficiency of all 
the coincidence circuits be close to 100% is highly important, inasmuch as in 
this case the efficiencies will also be close to each other, which is essentially 
what we require. In principle, extremum values are, of course, possible, but in 
practice little probable as a result of chance deviation of the 110 quantities 
from the mean value. This makes it necessary to use coincidence circuits with a 
resolving time of not less than ~4-1078 sec in order not to lose any true coinci- 


dences. 
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Fig.1. Block diagram of the 1ll-counter instrument for measuring y-7 
angular correlations. CF = cathode follower. 


2. Block diagram of the ll-counter instrument 


In practice, of course, it is not necessary to build an instrument with 55 
separate coincidence circuits and 22 individual single-channel analyzers; we have 
described the circuit in this way only to clarify the principle of operation. In 
practice it is necessary to have only one double coincidence circuit with a re- 
solving time of 4-1078 sec, as shown in Fig.1, and only two single-channel ana- 
lyzers. This economy is gained by using a diode matrix, which concurrently ful- 
fills several functions. 

The pulses from the last dynodes of the FEU-13 photomultipliers are fed 
through low input impedance cathode followers CF to the 11 inputs of the matrix. 
The maximum height of the pulses is 30-50 V, which allows of carrying out ampli- 
tude and time selection without having 11 amplifiers following the photomultipli- 
ers (such amplifiers could introduce additional straggle or distortion into the 
leading edges of the pulses). 

The matrix used in our instrument has 7 outputs. At output I, by means of 
an 11 diode "or'' circuit, there is separated the larger of the two simultaneously 
arriving pulses, while at output II there is selected the smaller pulse. These 
pulses go to the single-channel analyzers? I and II, respectively, and to the two 
inputs of the fast coincidence circuit, which is a modification of the Weinzier14 
circuit. If both pulses have an amplitude between the thresholds for which the 
analyzers are set and the fast coincidence circuit is triggered, there appears a 
pulse on the output of the triple coincidence circuit (t v1 usec); this pulse 
then goes to the anticoincidence circuit. The second (blocking) pulse on the 
second input of this circuit appears when a y-ray is detected simultaneously by 
three rather than two y-counters. Such cases may occur in the event of cascades 
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consisting of three or more transitions and are rejected by means of the antico- 
incidence circuit and the triple coincidence selector. 

7 The main part of the matrix consists of 55-diode pair coincidence circuits 
(and type circuits), the outputs of which are connected through separator di- 
odes (Fig.2) to five common bus bars (11 per conductor) , each of which corresponds 
to a certain angle of divergence (also see Fig.1 in Ref.2). The smaller of the 
pulses appearing on one of these bars goes through a cathode follower (outputs 
3-7) to the inputs of the 5 controllable Park triggers and to the triple coinci- 
dence selector. In addition, from these CF the pulses go through a 5-diode "or" 
circuit to the above mentioned matrix output II. 

The controlled Park triggers are actuated by an arriving pulse only when 
there also arrives a ''controlling"” pulse from the anticoincidence circuit. In 
this case the output pulse from the Park trigger is recorded by the mechanical 
register corresponding to the angle of divergence of the given pair of photons. 

The automatic adjustment and stabilization unit is not functionally connected 
with the other assemblies of the instrument. It serves for automatic matching of 
the spectra on the outputs of the photomultipliers; this is necessary because the 
amplitude and time selection of the pulses from all the photomultipliers is rea- 
lized by common analyzers and the common double-coincidence circuit. This unit 
operates on the principle of counting rate difference feed-back’ and simultaneous- 


ly with adjustment realizes stabilization of the multiplication of all the photo- 
multiplier tubes. 


3. Matrix 


In Fig.2 at the left we show one of the 11 cathode followers CF designed 
about 6Zh9P tubes. The input is connected with the last dynode of the correspond- 
ing FEU-13 photomultiplier; the output is connected to one of the inputs of the 
matrix. Through the lower tube there flows the current of the 10 diodes connected 
with the given input (10 mA). The CF must provide a low input impedance so that 
the matrix, which is a network of diode coincidence circuits and "or" circuits, 
can transfer the pulses with the least possible distortion. The distortion is 
determined by the ratio of the pulse u, produced by a coincidence to the pulse 
vy) arriving at the output from a single pulse on the input. As is known, this 
ratio equals 
uo U,:2R 1 

eee) ee aS Sak,” (6) 
where # is the load of the coincidence circuit (120 kilohm), E is the de supply 
voltage (240 V), 74 is the normal resistance of the diode in the region of the 
working characteristic, 7; is the output resistance of the CF and R, is the load 
of the upper tube. In practice for 35 V pulses this ratio proved to be about 100. 

Of the 55 such circuits in the instrument, in Fig.2 we show only 5 circuits, 
corresponding to the five divergence angles, indicated (without minutes) at the 
bottom of the matrix. On the left we show the above mentioned 1l-diode "or" cir- 
cuits; although they have only a common input with the coincidence circuits, we 
show them together with the matrix. 

It will be evident from what has been said above that two pulses arriving at 
any two of the eleven inputs of the matrix are passed by it to the two outputs I 
and II depending on their amplitude ratio. The smaller pulse simultaneously car- 
ries information on the angle of divergence of the photons and appears on the bus 
bar which corresponds to the given angle of divergence. Information on the time 
relation of the y-rays in our case is carried by the leading edge of the pulses. 
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Fig.2. Matrix and controlled Park trigger assembly. 


Thus it is essential that distortion of the pulse in going through the matrix be 
minimal. 

The distortion of the leading edge of the larger pulse is determined by inte- 
gration in the ryC,,;, circuit. The transfer resistance of the diode amounts to 
hundreds of ohms, and the spurious capacitance is determined by the total capaci- 
tance of the 11 diodes, since the input capacitance of the CF is smaller than the 
total capacitance of the diodes. 

The "and" circuit also transmits the leading edge of the smaller pulse, even 
if it does not coincide with the leading edge of the larger pulse, which serves 
in the given case as the "gating pulse", but the shape of the smaller pulse is 


—y ee 
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Fig.3. Fast coincidence circuit. 


distorted in this case. There is transferred only the overlapping part of the 
pulses. The distortion of the leading edge of the smaller pulse is approximately 
the same as that for the larger pulse. The fast coincidence circuit into which 
the two pulses are fed selects only the overlapping pulses and rejects the others. 
In assembling the matrix and cathode followers we paid particular attention 
to reducing all stray capacitances. The D1Zh diodes were selected for minimum 
forward and maximum back resistance in the working current-voltage region. 


4, Fast coincidence circuit 


As was noted above, a basic requirement is that the efficiency of the fast 
coincidence circuit be high. Circuits described in the literature for working 
with "slow" scintillators (for example, NaI(Tl) crystals) do not utilize in full 
the theoretical possibilities as regards the resolving time (~5:1079 sec at an 
energy of ~500 keV). 

Our fast coincidence circuit, which is diagramed in Fig.3, is a modification 
of a circuit with compensation of the time scatter in the operation of the shaping 
triggers (owing to the difference between the pulse heights) by means of a special 
pedestal pulse, which is subtracted from the working pulse. 4,6 In contrast to the 
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power tubes with a heavy current, 
) circuit designed about two series- 
h is formed in the cathode circuit 


Weinzierl4 circuit, where there are used high 
we used an adding (more accurately subtracting 
connected 6Zh9P tubes. The pedestal pulse, whic 
of the first tube and equals u' =u(=2u— Av), where Av is the trigger threshold, 
uis the pulse amplitude and Up is the least amplitude of wmeke compensated pulse, 

is applied to the grid of the second tube (lower tube in Fig.3), appears in the 
plate circuit of the tube in opposite phase and is subtracted from the poet t ive 
pulse transmitted directly from the input through a delay line. The third 6Zh9P 
tube limits the height of the pulses that then go to the input of the fast shaping 
trigger. In the Weinzierl circuit secondary emission tubes are employed for this 
purpose, but the instability inherent in this design forced us to seek another 
solution. The trigger shown in Fig.3 yields a flat topped pulse with a duration 

of ~4°10-8 sec at the base and an amplitude of ~5 V at a load of 200 ohm. Series 
dc supply of the tubes in this case is a convenience. The threshold of the trig- 
ger is set at about 0.1 V. 

To the plates of the upper trigger tubes there is connected a variable delay 
line, in which the pulses are propagated in opposite directions. In the case of 
coincidences they are added at the point where they are taken off, yielding a pulse 
with double amplitude. By way of delay line we used a section of RKZ-400 cable 
with taps every 7 cm. The cable was wound in a spiral about an 1ll-contact step- 
ping switch; the pulse taken off the arm of the switch goes to the selector diode. 
Then it is amplified by an amplifier with negative feed-back assembled about 6Zh9P 
and 6F1P tubes and is sent via the diode discriminator to a shaper and then goes 
to the triple coincidence circuit. The delay curves recorded by means of this cir- 
cuit with an Sc46 source have three-four points in the flat part and show that the 
efficiency of the coincidence circuit is close to 100 with t ¥ (4-6)-1078 sec, 


5. Controlled trigger unit 


From the five bus bars the pulses are fed through cathode followers to the 
delay lines and then to the grids of the left tubes of the five controlled Park 
triggers (Fig.2). So that the pulse itself (without a "gating pulse’) would not 
actuate the trigger, the grid circuit of the tube contains an additional diode, 
which is normally open and has its positive terminal connected to the grid. The 
pulse from the plate is differentiated and attenuated by the capacitance and re- 
sistance of this diode. The amplification factor of the closed loop comprised of 
the plate of the left tube, coupling circuit, the cathodes of the two tubes (the 
right tube operates as a cathode follower), and the plate of the left tube, is 
less than unity. Under these conditions the trigger is not actuated by even rela- 
tively large pulses. Even if there arrives from the coincidence circuit a posi- 
tive pulse, the controlling diode remains blocked and the circuit operates further 
as a conventional Park trigger. One controlling pulse also cannot actuate the 
trigger, which thus becomes a very useful unit. The pulses from the cathode of 
the triggers through cathode followers are transmitted to the recording unit, 
which consists of scalers and mechanical registers. 

As noted above, a control pulse is produced by the anticoincidence circuit 
when there arrives a pulse from the triple coincidence circuit and no pulse comes 
from the triple coincidence selector. The triple coincidence circuit is assembled 
about diodes. The triple coincidence selector (Fig.2) consists of 10-diode coin- 
cidence circuits, which include all the pair combinations of the five outputs of 
the matrix. In Fig.2 we show only four such elementary circuits. As usual, the 
pulses from them are taken off through decoupling diodes. 
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Fig.4. Circuit of the automatic adjustment and stabilization unit. 


Three pulses arriving simultaneously from different photomultipliers at the 
input of the matrix yield pulses on two of its output bars; the third pulse may 
not satisfy the conditions of amplitude and simultaneity inasmuch as the control- 
ling pulse is produced by the first two pulses. In the presence of pulses on 
two bus bars in one of the "and" circuits, there appears a signal which triggers 
the shaper (6F1P tube). A negative pulse from the plate of the right tube blocks 
the 6Zh2P tube, and the controlling pulse from the triple coincidence circuit can- 
not pass to the controlled trigger. 


6. Automatic adjustment and stabilization unit 


The numerical example given in Ref.2 shows that in principle one can reduce 
the effect of nonuniformity and instability of the efficiencies of the individual 
counters, but not the efficiency of the coincidence circuits, to a fraction of a 
percent. To this end the adjustment of the photomultipliers and selection and 
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Fig.5. Block diagram of the automatic adjustment and stabilization unit. 


matching of the NaI(T1) crystals should be such that the efficiency scatter will 
not exceed 3-5%, inasmuch as otherwise the differences, which are smoothed out 
according to the square law, become appreciable. Attainment of this accuracy of 
adjustment manually is difficult, and in the case of short-lived sources impos- 
sible. Hence we decided to develop a unit for automatic adjustment; at the same 
time this unit was also designed to stabilize the multiplication factor of all the 
photomultipliers. 

In designing this unit we utilized the work of de Waard® put supplemented 
his circuit with our own method of modulation (Fig.4). The storage circuits are 
based on a circuit designed in our Institute by A.V.Kulikov. The main problen, 
however, was utilization of the principle of counting rate difference feed-back? 
with simultaneous stabilization and matching of the spectra of a large number of 
scintillation spectrometers. This was achieved by introduction of diode coinci- 
dence circuits at the inputs of the stabilizing cells (Figs.4 & 5). A pulse ar- 
rives at such a cell only when the pulse from the photomultiplier lies between 
the thresholds of the analyzers with a modulated channel. In this case there ap- 
pears a positive pulse from the analyzer at one of the inputs of the coincidence 
circuit of each cell. The second input of the coincidence circuit of each cell 
is connected with its photomultiplier (Fig.5). Hence there is actuated the coin- 
cidence circuit only of the cell which is connected with the counter detecting 
the given photon. Thus there is found the "address" of the stabilizing cell cor- 
responding to the given y-rays. 

As was noted above, the larger pulses from any given photomultiplier arrive 
at output I of the matrix. They then go to analyzer I, and to the single-channel 
analyzer with a modulated channel. Modulation of the channel is realized by square 
pulses taken off the left anode of the binary cell (tube 6N3P - Fig.4). This cell 
is flipped by a Schmidt trigger actuated by the filament voltage, as shown in the 
figure. 

The process of stabilization of a photomultiplier may be described as fol- 
lows. The analyzer with the modulation switched off is set on the photopeak of 
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the reference line. Then the width of its channel is increased to about half the 


_ line width at half-height and the modulation is switched on; the modulation ampli- 

tude is made approximately equal to the line width at half-height. The pulses 
from the output of the analyzer are fed into the coincidence circuit of the cell 
and from it to the Park trigger. The positive and negative charge storage cir- 
cuits, corresponding to the lower and upper positions of the analyzer channel, are 
assembled about 6Kh2P diode tubes in order to reduce leakage. These storages are 
charged alternately by positive pulses from the left anode of the Park trigger 
and negative pulses from the right anode. The switching is realized by two "and" 
type circuits in each cell, which operate as follows. Square modulation pulses 
with a frequency of 25 cps, an amplitude of 100 V and a duty factor of 1/2 enter 
through the cathode follower at the inputs of both "and" type circuits. The dc 
potentials on both inputs are held rigorously constant (by the constant voltage 
unit - see Fig.5). At the upper level of the modulating voltage there is blocked 
the right diode of the coincidence circuit for positive pulses (upper "and" cir- 
cuit in Fig.4). In this case there can only pass positive pulses to the storage 
circuit from the trigger. At the output of the "and" circuit for negative pulses 
with proper selection of the constant voltages there are observed only small bumps 
on the leading edges of the modulating pulses. 

The second "and" circuit operates in an analogous fashion, passing negative 
pulses at the lower level of modulation to the negative charge storage circuit. 

If the adjustment is accurately made, the counting rates to either side of 
the reference line will be equal, and equal but opposite charges will be built up 
in the storages. The divider of two 4.7 megohm resistors serves as an adding cir- 
cuit for the voltages on the storage capacitors. In the case considered above 
the potential difference at its midpoint with reference to the ground should be 
zero. In this case, at the output of the de amplifier (6F1P tube) there is estab- 
lished a voltage of ~160 V, which is applied directly to the anode of the corre- 
sponding photomultiplier tube. Any change in the multiplication factor of the 
photomultiplier gives rise to a shift of the photopeak and the appearance of a 
difference in counting rates to either side of the line and, consequently, to 
change in the voltages on the storage capacitors. The modulation phases of the 
analyzer and "and" circuits are selected so that shift of the line to the side of 
smaller amplitudes gives rise to an increase of the voltage on the anode of the 
photomultiplier, so that the amplification of the PM is re-established. The line- 
ar region of the dynamic characteristic of the dc amplifier equals +100 V. Change 
in the stabilization coefficients of the cells with artificial variation of the 
photomultiplier voltage by +100 V yielded values no worse than 10 at a counting 
rate of 25 pulses/sec over the entire area of the photopeak. The duration of the 
pulses taken off the Park triggers is about 80 usec. During this time the 1500 pF 
capacitors have time to charge to saturation through the load resistors of the 

ircuits. 

eaetnd sisted of modulation of the channel of the analyzer itself can be under- 
stood from Fig.4 and the above description. Mixing of pulses from output I of 
the matrix with the modulating voltage is effected by the adding circuit (cath- 
odes of tubes 6GN6GP). From the midpoint of this circuit the pulse goes to the di- 
ode discriminator of the single-channel analyzer (Park circuit). In our fea 
the coupling capacitor used by de Waard®, recharging of which interferes y aa 
using square pulse modulation, is left out. During the initial adjustmen coke 
switch shown in Fig.4 above tube 6N6P is turned to the ground position an 

i t off. 
Bd wees shown in Fig.5 serves as an indicator of drift of the eet 
fication of the photomultipliers and indicates the value of the additional vo ge 
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applied to the photomultiplier anodes. All the 
photomultipliers are supplied from a common high 
voltage source which yields a current of 4 pA. 
Individual adjustment of the voltages is realized 
by a set of resistors, part of which are variable. 


7. Tests of the instrument 


The described instrument was tested with sour- 
ces previously investigated by other authors, name- 
ly, Sc46 (g92-—-118 keV cascade) and Na22 (511 keV 
annihilation y-rays—1270 keV transition). The re- 
sults of 4-hour measurements with each of these 
sources are shown in Fig.6. In the first case there 
were about 2:104 counts per point; in the second 
case, about 1.6:104, 

It will be seen that the experimental points 
for the Sc46 source fell exactly on the theo- 
retical curve for the 4(2)2(2)0 cascade (solid 
line) corrected for angular resolution. The 
solid angle was taken equal to 1/170 of 4nx. 

The points for Na22 do not fit as well on the 
straight line to be expected in this case. This 
may be the result of impairment of the effici- 
ency of the fast coincidence circuit with de- 
crease of energy or/and due to the operation of 
chance factors. 


Conclusions 


The principle utilized in the construction 
of the described 1l-channel instrument for mea- 
suring 7-7 angular correlation is applicable to 
investigation of other forms of correlation in 
cases when the individual radiations of the cas- 
cade are isotropic or have axial symmetry. 

As compared with two-counter (single-chan- 
nel) instruments the 1l-channel instrument in- 
sures a two orders of magnitude higher efficien- 
cy, makes it possible to work with short-lived 


and weak sources and to measure triple correlations. 

The principal sub-assemblies of the instrument are the following: 

1) a matrix which makes it possible to use a conventional two-channel fast- 
slow coincidence circuit for amplitude and time selection of pulses arriving from 
a large number of scintillation spectrometers, 

2) a unit for simultaneous stabilization and adjustment of a large number of 


photomultiplier tubes, and 


3) controlled Park triggers. 
A photograph of the scintillation spectrometer assembly is reproduced in Fig. 


we 
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BETA-SPECTROMETER WITH TWO-FOLD 1/2 FOCUSING 
- S.A.Shestopalova 


The basic requirements set for modern B-spectrometers are good resolution 
and high luminosity. Best, judged from this standpoint, are spectrometers with 
double-focusing through an angle of x/2.1-3 

Where solution of a number of specific physical problems is concerned, how- 
ever, in addition to meeting the above requirements, the instrument must have a 
number of other characteristics, for example, absence of scattering inside the 
instrument, and minimum interfering background. Elimination or weakening of the 
effects associated with scattering is generally realized by using multiple focus- 
ing, as for example, in spectrometers with triple focusing*#,5 and in spectrometers 
with two-fold focusing®. Location of thin-walled Geiger-Mlller counters behind 
the foci and use of the method of coincidences make it possible to solve the prob- 
lem of minimizing the background at the same time. 

Inasmuch as x/2 focusing 
spectrometers generally have 
the best electron-optical pro- 
perties, it is desirable in us- 
ing multiple focusing to retain 
this focusing angle. This 
proves to be feasible by virtue 
of the fact that in a magnetic 
Fig.1. Model showing path of the electron beam field falling off along the 


in the two-fold focusing spectrometer (side radius and possessing axial sym- 
view): S - source, Fy and Fy - foci, AA - sym- metry, the electrons oscillate 
metry plane of the magnetic field. in both p and Z. Hence, if the 


source is located above the 
plane of symmetry of the magnetic field, the 
focal points prove to be located alternately 
above and below this plane. 

Models of the electron beam in the new 
spectrometer are shown in Figs.1l and 2. As 
will be evident from Fig.1, the first focus is 
located below the plane of symmetry of the mag- 
netic field; for calculating its shape one can 
use the usual formulas and tabulated values for 
a field with focusing over an angle of n/2. As 
is known? this focus is curved; accordingly, 
the first slit must be curved. The shape of 
the outer edge of the slit and the contours of 
three apertures were calculated by M.A.Listen- 
garten with an accuracy to third order terms 
Fig.2. Path of electron beam (the other necessary apertures were calculated 

(top view). by us, using the first approximation formulas 
given in Ref.3). 

After passing through the first slit and the first G-M counter with thin 
windows, the electron beam begins to rise, passes above the source and is focused 
n/2 (254.5°) after the second source at a point as high above the symmetry plane 
as the source. Behind the second focus there are located two G-M counters, in 
which there are counted triple coincidences. As Listengarten's Saleulationa show- 
ed, the second focus of the instrument proves to be more rectilinear and narrower 
than the first focus. However, the second focusing can be regarded only as a 
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means for eliminating back- 
rae ground and reducing the proba- 
N bility of detecting electrons 
scattered in the first half 
of the spectrometer. In this 
case the slit at the second 
focus can be widened so as to 
accept electrons scattered in 
H26th the first part of the counter; 
the resolution of the spectro- 
2 meter is still determined by 
the first slit, the dimensions 
of the source and the geometry 
of the beam at the first focus. 
The radius of the equilibrium 
orbit in our instrument is 
/ 140 mm. We were able to ob- 
i tain a field distribution in 
6 the entire working region 
agreeing to within 0.2% (the 
accuracy of field measurement) 
A with the theoretical configu- 
860 7 ration. The height of the 
: on oe fas Toe ae UAE source is 15 mm; the center 
Fig.3. Conversion electron lines of radiothorium of the source is located 24 
active deposit: a - from the 583 keV y-transition, mm above the symmetry plane 
b - from the 2614 keV y-transition. AHp/Ho = of the magnetic field. The 
= 0.21%. width of the slit at the first 
focus is 1 mm; the width at 
the second focus 14 mm. Under these conditions the relative line half-width 
amounts to 0.21% (Fig.3) (0.5 mm wide radiothorium active deposit source). 

We investigated some of the attributes of the instrument using a Csl37 source. 
Unfortunately, owing to inadequate quality of the source, the conversion lines of 
Csl37 measured under the same conditions as the lines of radiothorium deposit had 
a half-width of 0.32 + 0.02% (Fig.4). 


sant N, coinc/min 
7500 ? K662 


i 


S500 9350 5400 I450 J500Hp0eCM 


Fig.4. Spectrum of Cs137 conversion electrons. AHp/He = 0.32%. 
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nt aimed at finding the opti- 
1 - relative line half-width, 
s137 K line. Dash- 


«Fig.5. Results of experime 
‘nax mum focusing conditions. 
2 - counting rate at the peak of the C 


4Hp/Ho, % ; 
tig ed line - working conditions. 
| 
(Ge SE 
| : | on The instrument was first adjusted mechanically and 
t then by moving the source along the optical axis to find 
Q3 er AHHH y the optimum focusing conditions. The results are shown 
o-? | i 
Of at a 2500 in Fig.5S. 
ae VF es With the Cs137 source the background of chance of 
gael eoten tos cosmic coincidences at zero current in the magnet amount- 
~ ed to less than one coincidence per 40 hours; the back- 


ground behind a hard B-spectrum proved to be less than one coincidence per 10 
hours. 

We desire to express our deep gratitude to B.S.Dzhelepov for a number of 
valuable suggestions and constant interest in the work, A.F.Malov for valuable 
discussions, M.A.Listengarten for valuable advice and for calculating the shape 
of the focus and of some of the apertures, I.F.Uchevatkin and A.I.Medvedev for 
assistance in adjusting and testing the spectrometer, and A.V.Zolotavin and E.P. 
Grigor'ev for useful advice on obtaining the requisite configuration of the mag- 
netic field. 
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USE OF AN IONIZATION CHAMBER FOR PARTICLE SELECTION BY MEASURING E(dE/dx) 
- Yu.V.Gofman, V.N.Dobrikov, N.I.Zaika &0.F.Nemets 


For selective detection of particles in investigating deuteron-induced re- 
actions experimenters frequently utilize a procedure that follows from Bethe'st 
formula, according to which E(dE/dx) « Zn , where E is the energy of the particle, 
dE/dx is the specific energy loss, m is the mass of the particle and Z is its 
charge. Simultaneous measurement of E and dE/dx and obtaining their product al- 
lows of separating such particles as protons, deuterons and tritons, i.e., par- 
ticles with identical charges but different masses. It can be shown2 , on the ba- 
sis of range-energy curves, that if the particle energy lies in the range from 5 
to 25 MeV, the ratios of the product E(dE/dx) for protons, deuterons and tritons 
are 1:1.8:2.6 in a number of different substances. 

This method of particle selection has been realized by a number of authors?:3 
by means of scintillation counters consisting of a combination of thick and thin 
crystals (or a plastic scintillator); the thin crystal serves for measuring the 
loss, the thick crystal for measuring E. Aside from low resolution, which is 
peculiar to all scintillation spectrometers, crystal selectors have the addition- 
al drawback that the preparation of thin crystals for measuring dE/dx is very 
difficult inasmuch as the thickness of such crystals in working at energies of 
the order of 10-20 MeV must be only 0.05-0.1 mm. On the other hand, plastic scin- 
tillators are characterized by nonlinear dependence of the pulse height on the 
particle energy for large dE/dx and hence for plastic scintillators the E(dE/dx) 
ratios deviate from the above mentioned values with change in the particle energy. 
This seriously impairs particle separation and necessitates further complication 
of the experimental set-up. 

In view of this we felt it would be of interest to use for particle selection 
an ionization chamber with two collecting electrodes, one of which (the short) can 
serve for measuring dE/dx and the other (long) for measuring the particle energy. 
A particularly great convenience in this case is the possibility of varying the 
particle energy loss at the first plate by changing the gas pressure in the cham- 
ber, which allows of separating particles in a wide energy range. Moreover, in 
principle, an ionization chamber allows of obtaining better energy resolution. 

The ionization chamber used in the present work was a modification of the 
flat grid-type chamber described in Ref.4. On the basis of the fact that the maxi- 
mum energy of our cyclotron-accelerated deuterons was 13.6 MeV, the lengths chosen 
for the electrodes were 5 and 31 cm. Both electrodes were connected to linear 
amplifiers, which were located on the wall of the chamber; from these the pulses 
were sent via coaxial cables and additional amplifiers to the pulse adding and 
multiplying circuits. The chamber was filled with argon with an admixture of 
methane; the pressure could be varied from 1 to 12 atm. 

A block diagram of the experimental arrangement is shown in Fig.1. The pul- 
ses from the chamber were amplified by two identical amplifiers 1 and 1', and then 
fed via the adding circuit 2 to the multiplying circuit 4. The adding circuit 
proved to be necessary inasmuch as a particle entering the chamber with energy E, 
in approaching the small electrode, loses a part of its energy dE; hence in the 
absence of an adding circuit there is applied to the multiplying circuit a pulse 
proportional to E - dE, rather than E, which substantially impairs the particle 
separation. The adding circuit, which sums the two pulses, sends to the multi- 
plying circuit a pulse proportional to E, so that proportionality of E (dE/dx) to 
the particle mass is conserved. When there simultaneously arrive two positive 
pulses, the coincidence circuit 3 produces the pulse necessary for actuating the 
two coincidence circuits with conservation of amplitude, located at both outputs 
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of the multiplication circuit. 
The utilized principle of 
multiplication consists in shap- 
ing of a square pulse, the am- 
plitude of which is proportional 
to the amplitude of one of the 
input signals and the duration 
of which is proportional to the 
amplitude of the second input 
signals. After integration there 
is obtained a pulse with ampli- 
tude proportional to the pro- 


Fig.1. Block diagram of the spectrometer: IC - duct of the amplitude of both 

ionization chamber, 1 & 1' - amplifiers, 2 - the input signals. 

adding circuit, 3 - coincidence circuit, 4 - At the output of the multi- 

multiplying circuit, 5 & 5' - discriminators, plication circuit by appropriate 

6 & 6' - coincidence circuits with conserva- discrimination one can segregate 

tion of amplitude, 7 - stretcher, 8 & 8' - the particles of given mass. The 
multiple channel analyzers. equipment has provision for si- 


multaneous observation of the 
spectra of particles of two dif- 
ferent masses; to this end there 
are provided two discriminators 
5 and 5' and two multiple chan- 
nel analyzers 8 and 8'. 

A typical spectrum of pul- 
ses with amplitude proportional 
to the product E(dE/dx) is shown 
in Fig.2; this spectrum was ob- 
Be tained in bombardment of Be? 


500 


ee. tere SS ex ee with 13.6 MeV deuterons. As will 
5 LOM 8 ee Cle Chr FU Si pay 4B be evident from the figure, the 
Channel proton, deuteron and triton 
Fig.2. Spectrum of pulses with groups are satisfactorily sepa- 
amplitude proportional to E(dE/dx). rated. 
Deuteron reaction on Be9; jay = Lastly, for obtaining the 
= 20°. energy spectra of particles of 


a given type, mass selected by 
means of the discriminator, the equipment includes the coincidence circuits with 
conservation of amplitudes 6 and 6', which are actuated by the E(dE/dx) pulses 
and pass pulses proportional to E through to the analyzer. The pulse stetcher 7 
extends the pulses to the duration necessary for proper operation of the other 
components. 
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SPIN AND PARITY ASSIGNMENTS FOR SOME STATES OF Si39, zr91, zr92 anp cqll4 
- N.I.Zaika & O.F.Nemets 


Investigation of the angular distribution of the products of stripping reac- 
tions allows of finding the value of the angular momentum transferred to the nu- 
cleus and determining the spin and parity of the final state.! If the deuteron 
energy exceeds the height of the Coulomb barrier, in most cases the value of the 
transferred angular momentum can be determined unambiguously. Hence from the 
standpoint of nuclear Spectroscopy it is useful to increase the deuteron energy 
in studying stripping reactions. 

In the present work we investigated the angular distributions of protons 
from the (d,p) reactions on Si29, zr90, Zr91 and Ca113. The 13.6 MeV deuterons 
were extracted from the Institute of Physics (Ukrainian SSR Ac.of Sci.) cyclotron. 
The protons were detected by an ionization chamber2, in front of which was mount- 
ed an appropriate absorber to stop all deuterons. The targets were prepared in 
the form of thin polystyrene films loaded with the oxides of the enriched isotopes 
in powdered form. A Zr91 target was also available in the form of a thin metallic 
film. The isotope contents of the targets are listed in Table l. 


Table 1 
Isotope content of targets 
Tar— Isotope content, % 
get 
Siz Si28 — 29,3 Si29 — 69,7 St, 
Zp90 Zr% — 96,1 7y*t — 4,5 Zr®* —1,2 Zr*4 — 1,2 
Zr*t Zr°0 — 11,0 Zr®! — 79,95 Zr°2 — 6,1 Zr®4 — 3,0 Zr°§ — 0,4 
Cq13 Cd _ 0,2 Cd112— 3,8 Cd113— 73,9 Cdlt— 22 4 cq, 108, 110, 116 
<0,2 


$i29(d, p)Si30 


The proton distributions corresponding to the ground and first excited (2.24 
MeV) states of Si31 are shown in Fig.l. In this and the following figures the 
points represent the experimental results; the curves - the results of calculation 
using Butler's formulas!, 

Inasmuch as our target contained 29.3% $i28, the protons corresponding to the 
first excited state of Si39 were detected together with the Si29 ground state 
group of protons from the $i28(d,p)Si29 reaction. The energy difference between 
these two proton groups is 90 keV; hence these groups could not be distinguished 
in our experiment. However, the angular distribution of protons corresponding to 
the first excited state of Si39 could be obtained by subtracting the contribution 
from the $i28(d,p)si29 reaction from the total angular distribution. The angu- 
lar distribution of Brotons corresponding to the ground state of Si29 was measured 
by us earlier2; it corresponds to lL, = O. We carried out a repeat measurement in 
the present work. 

Our results are in agreement with the data of Sukharevskii®? obtained at a 
deuteron energy of 4.3 MeV. As might have been expected the angular distributions 
obtained with 13.6 MeV deuterons evince the splitting process more clearly. 


The angular proton distributions corresponding to the ground and first ex- 
cited states of the final nuclei are shown in Fig.2, together with the values of 
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4/eteee «Fig.1. Angular distribu- 
Leek REIS tions of protons from the 
O aieaak et 5129 (d_, p)$i30 reaction: 
a - protons corresponding 
to the Si30 ground state: 
Q= 8.39 MeV, J = (0, = 
= 5.45 f; b - protons cor- 
responding to the first 
excited state; Q = 6.15 
MeV, J, = 2. Solid points 
- results of subtraction 
of the distribution from 
the 8128 (aypeiseg reac- 
tion; solid curves - dis- 
Qo 0 tribution calculated ac- 
60 80 8o,m. cording to Butler!. 


<Fig.2. Angular distribu- 

tions of protons from the 

megctiaues a - Zr99(d,p) 

Zr Q = 5 MeV, /, = 2; 
b &-F790(d,p)zr21* ,"9 = 
= 3.79 MeV, 1, = 0; c - 
2721 (dior ee Q= 6.5 
MeV, 1. = 2°°d - Zr91(d,p) 
zr92*  Q = 5.57 MeV, L, = 
= Pe 


20 


the transferred angular mo- 
mentum. 

In the level scheme pro- 
posed by Klinkenberg* in the 


0 eT 50 2082.4. 20 40 60 808..m, Presence of 50 neutrons in 
d6/yy),mb/sterad do/qqy,mb/stcrad the nucleus there are suc- 
08 6 cessively filled the d;p, 

8772» Ap, ds. and Ss,» states. 
5 The calculations of Nilsson? 
Ob for the spherical case lead 
c Z to the following order of 
Lilling: ds), 872, Siz, ds and 
“4. | 3 Riss. 
/ 1 Of the two assignments 
Wieelp 3 obtained by us for the ground 
0,2 


state of Zr9l - 3/2+ anda 5/2+ 
- the latter is in agreement 


/ 
sean arnt. anetorna 


° with the ds. state predicted 
a a a aT a WD Bm, by both models; the 5/2+ as- 


Ssignment is also in agreement 
with the results of direct measurements of the Spin carried out by Brun et a6, 


As for the 1/2+ assignment for the first excited state of Zr91 (1.21 MeV), it is 
nof consistent with either of the above schemes. We note that in the case of the 


Sr°~(d,p)Sr89 reaction’ for the transition to the first excited level the 5lst 
neutron is also picked up in the sy, state. 


= 139 = 


In view of the fact that Sr®8 ang zr29 have a close neutron shell, it may 
'be expected that the states excited in the (d,p) reaction (at least the lowest 
lying states) will be single-particle ones and that their sequence will be that 
required by the shell model, namely, ds), gz, and so on. 

On the other hand, in the successive filling of the states by nucleons in 
no case is there one nucleon in the gi. State; at first there occurs pair filling 
of the g7,. state, with which there is an odd number of nucleons in the dsj, state, 
and beginning with Cdt1l there occurs filling of the si, state with the »;, state 
remaining unfilled.® It is possible that in both cases violation of the predict- 
ed filling sequence is due to the same causes. There is no reason to assume that 
the g7,. level was simply not detected in our experiments, say, owing to inadequate 
resolution, inasmuch, first, according to all available data9-11l there are no ad- 
ditional levels close to 1.07 MeV in Sr89 and 1.21 MeV in Zr91, and, second, it 
cannot be concluded from the appearance of the angular distribution of protons 
corresponding to the first excited states of Sr89 (Ref.7) and Zr91 that there is 
a component of noticeable intensity corresponding to lL, = 4, i.e., to the 
state. 

In their book, Dzhelepov & Peker? give 5/2t for the spin of the first ex- 
cited level of zr91, this also is difficult to interpret from the standpoint of 
the shell model. They also give a value of 2+ for the first excited state (0.93 
MeV) of Zr92, If the ground state spin of Zr91 is 5/2+, according to the selec- 
tion rules for stripping reactions! , this state can form with Ly = 0, 2 and 4. 
The fact that it is evinced only with 1, = 2 (Fig.2,d) indicates that the /, = 0 
value is forbidden by the shell model selection rules. That such forbiddenness 
may obtain for transitions to the ground state of the final nuclei was inferred 
by Bethe & Butlerl2, and this inference was substantiated experimentally by King 
& Beach!3, We know of no other example of such inhibition for transitions to ex- 
cited states. 


§7/2 


cqgil3 (d ,p)Call4 


As will be evident from Fig.3, 
Q6 the angular momenta transferred to 
; | the neutron nucleus are 0 to 2 for 
| the transitions to the ground and 
first excited (0.56 MeV) states of 
b Ccqal1l4, 

As regards their attributes 
the low lying levels of cda114 are 
vibrational levels; hence measure- 
ments for Cd113 are of interest al- 
so from the standpoint of testing 
the inferences of Satchlerl4 that 
the probabilities of excitation of 

E successive levels belonging to one 
vibrational band must differ by ap- 
cL ab 60 6G.m. proximately an order of magnitude 
Fig.3. Angular distributions of protons for neighboring levels. 

from the reactions: a - cal13(a, p)cde ie In our case the ratio of the 
Q = 6.75 MeV, Ll, = 0; b - ca113(d,p)Ga 14* | transition probability to the first 

Q = 6.19 MeV, J, = 2. excited level (reduced width) to 

the transition probability to the 


@6/dw, mb/sterad a6/dw, mb/sterad 


ae 


O4 


g 0 


20 40 60 8 6.m. 
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Table 2 
(0) 91 71S 
Results of investigation of the (d,p) reaction on $i29, Zr90, Zr?+ and Cd 
Final : 
ith Tat nucleus} |] Possible assignments Beer aoe 
ou) 13 he n radius rook 
(3 
Si2? Lj 0 0 (Qc, ai hes Dea) 
2,24 2 fk BeBe 5,45 
Zire Or 0 2; 3/ot, Flat 116 (Gedo) 
iL, ZAl 0 jot Thats 
REN baa 0 2 OFF 1EMOt Bt Rat Sbe 7,19 
0,98 2! shor, 455 2) 3emarese 7,19 
Cds | 1/.+ 0 0 Or, AE 7,6 
0,56 De ES es ss: 7,6 (6)* 


*The figures in parentheses are the values of the radius used in calcu- 
lating the dashed curves in Figs.2,a and 3,b. 


ground state proved to be 0.43, instead of 0.1 as predicted by Satchler. 

The results obtained in the present work are summarized in Table 2. 

Measurements of the absolute differential cross sections were carried out by 
means of a current integrator.15 The uncertainty in determining the cross sec- 
tions was evaluated as +50%. 

It should be noted that in some cases for obtaining better agreement of theo- 
ry with experiment we took smaller values for the interaction radius than follows 
from the usual formula r,= (1.7 + 1.22 Al/3). This, in our opinion, is a conse- 
quence of the influence of Coulomb interaction. However, the influence of Coulomb 
interaction was not so great as to introduce ambiguity into determination of the 
values of l,. 
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SOME ASPECTS OF THE MODERN THEORY OF FERRO- AND ANTIFERROMAGNETISM 
(Condensation of a Review) 


- S.V.Vonsovskii 


Of outstanding importance in any consideration of present-day theory of sub- 
stances with atomic magnetic order are a) genesis of the magnetic order and the 
criteria determining its different forms - ferro- and antiferromagnetism, and b) 
model and phenomenological treatments of ferro- and antiferromagnetic materials 
from the standpoint of quantum theory. 

Ferromagnetism and antiferromagnetism are distinctive forms of spin (and pos- 
sibly orbital) paramagnetism with a certain spatially ordered distribution of elec- 
tronic magnetic moments. The "suppliers" of these moments are atoms (ions) with 
unfilled inner (dor /) electron shells which, in accord with Hund's rule, at the 
same time have uncompensated magnetic moments. 

For the most part these are atoms of the transition elements (d metals: ele- 
ments of the iron group, palladium and platinum, and / metals: the rare earths 
and actinides). Two opposed tendencies operate in crystals: one hampers realiza- 
tion of atomic magnetic order (Fermi energy), the second favors magnetic order 
(ex-change interaction). Owing to the appreciable difference between the effect- 
ive radii of the incomplete q and /f layers, an entirely different situation ob- 
tains in das compared with / metals. 

In d metals, the d electrons are collectivized, and only in some of the iron 
group metals is there realized magnetic order (Fe, Co and Ni - ferromagnetism; Cr 
and Mn - antiferromagnetism). In Sc, Ti and V and in metals of the palladium and 
platinum group we encounter Pauli paramagnetism. In /f metals, the / layers retain 
their atomic localization but, owing to their small radii, cannot interact with 
each other to any significant extent. Hence the atomic magnetic order is deter- 
mined by their indirect or so-called superexchange interaction through the conduc- 
tion electrons. 

At present one can tentatively distinguish four different types of ferro- 
and antiferromagnetic substances: 

1) ferro- and antiferromagnetic metals and metal alloys of the d type with 
collectivized d and s electrons; 

2) ferro- and antiferromagnetic metals of the / type with localized / layers 
and superexchange interaction via the conduction electrons; 

3) ferro- and antiferromagnetic greatly dilute solutions of d metal ions in 
diamagnetic metals with superexchange interaction via the conduction electrons; 

4) nonmetallic ferromagnetic and antiferromagnetic compounds in which at 
least one of the components among the dor / metals present participates in indi- 
rect interaction of the Kramers type. 

(In the report there are also considered the electronic properties of dif- 
ferent types of crystals with atomic magnetic order. There are discussed and 
evaluated different models of collectivized electrons (Frenkel-Block-Stoner) and 
localized spins. Finally there are indicated the possibilities of more rigorous 
treatments making use of the new quantum-statistical methods - Green's functions, 
pretc.). 
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NON-COLLINEAR FERRO- AND ANTIFERROMAGNETISM 
- E.A. Turov 


The purpose of this paper is to formulate certain general cena iho 
means of which, knowing the specific crystallographic structure of the mae. 
material, one can single out, from among the various possible pate pie s 
spin configurations, the particular configurations that rae. of realization 
weak (non-collinear) ferromagnetism of relativistic origin. 


(There is omitted here the review part of the report, 
devoted to methods of calculating spin configurations.) 


1. Let us consider a system of spins located at crystallographically equiva- 
lent lattice sites, (i.e., at points that transform into each other by the usual 
operations of space group symmetry). We assume that the exchange forces acting 
between these spins are such that in themselves they lead to collinear antiferro- 
magnetic structure. 

For complete description of the ordered spin system one must take into cons 
sideration, in general, as many magnetic sublattices as there are spins contained 
in a magnetic unit cell of the crystal. If, however, we are interested in the 
properties of the antiferromagnet only as regards weak external influences, the 
energy of which is low compared with the exchange energy responsible for the spin 
ordering, these properties in the case of collinear (or weakly non-collinear) con- 
figuration of the spin system under consideration can always be described by means 
of two magnetic sublattices.* We must attribute all sites with the same directior 
of spin to the same sublattice. Accordingly, the two sublattices may be charac- 
terized by two spin densities, such that 


Si (r) = S3(r) = S?-= const. (1) 


2. Forces of magnetic (relativistic) origin can disturb the rigorous colline- 
arity of the spins in an antiferromagnet.2»3 Deflections of the spins from the 
collinear orientation, due to magnetic forces, are usually small, inasmuch as 
these forces are weak compared with exchange forces. Hence if the non-collineari- 
ty of the spins does not lead to the appearance of a nonzero magnetic moment, it 
will not have any substantial effect on the properties of the antiferromagnet and 
can therefore be neglected. 4 Below, however, we shall be concerned precisely witl 
the case of appearance of a spontaneous magnetic moment connected with non-col- 
linearity of the spins. 

Inasmuch as we shall be concerned only with weakly non-collinear antiferro- 
magnetic structures, for their description we again need consider only two mag- 
netic sublattices with spin densities Sj(r) and S2(r) - We introduce the antiferro- 

*From the physical standpoint this possibility is connected with the fact 
that in this case introduction of a larger number of sublattices can lead only to 
the appearance of optical modes of the spin system (in addition to the two acousti 
cal modes, which are always present in the energy spectrum of an antiferromagnet). 
The energy slits for the optical spin vibrations are determined by exchange forces 
so that these vibrations cannot be excited by the above mentioned weak external 
influences (among which we include thermal motion at low temperatures). Hence as 


regards both static and dynamic properties the system behaves like a system con- 
sisting of two magnetic sublattices. 
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magnetism vector 


= (Si; — S2)/2So, (2) 


which defines the direction of the antiferromagnetic ordering axis, and the ferro- 
magnetism vector 


m = (5; + S2)/25o, (3) 


which determines the relative total spin density. From condition (1) it follows 
that 


m*+1?—1 and (m-l)=0. (4) 

We note the following distinctive features of the transformation properties 
of the antiferromagnetism and ferromagnetism vectors. If the initial collinear 
antiferromagnetic structure (hereinafter referred to as simply "structure") is 
allowed by the symmetry of the crystal lattice, the corresponding vector 1 under 
all space group symmetry operations for the given lattice must transform only 
through itself. Here one must distinguish two cases. If some symmetry operation 
lead to exchange (permutation) of the spins within one and the same magnetic sub- 
lattice, then under it | transforms like an ordinary axial vector. If, on the 
other hand, the symmetry operation involves interchange of spins pertaining to 
different magnetic sublattices (which corresponds to permutation of the indices 
1 and 2 in the right hand part of (2)), then with regard to such an operation the 
vector | must undergo (in addition to the axial vector transformation) a change 
of sign. In the first case we shall characterize the structure as even, in the 
second case as odd with respect to the symmetry operation. 

In contrast to 1, the vector mis invariant under any exchange of spins, 
hence it always transforms like an ordinary axial vector. 

The appearance of m# O in an antiferromagnetic crystal is connected with the 
presence in its spin Hamiltonian of terms of the form 


Lamp (a, B = 2, y, Z) 


or terms of higher order in | and linear in m. These terms must be invariant un- 
der all symmetry operations. From this requirement, taking into account the above 
mentioned properties of | and m, one can obtain the following results. 

3. Weak ferromagnetism (WFM) is possible only in structures which are even 
with respect to all translations of the lattice and also relative to the center 
of symmetry, if there is one in the lattice. From this it follows that 

a) for structures allowing of WFM, the chemical and magnetic unit cells must 
coincide; 

b) there must obtain alignment of the spins at all the sites pertaining to 
the same Bravais lattice and also at sites transforming into each other by means 
of a center of symmetry; 

c) WFM is impossible when all the spins belong to one and the same Bravais 
lattice (or two Bravais lattices linked by a center of symmetry) and, in particu- 
lar, when there is only one spin in a chemical unit cell. 

4. One can construct the following table of invariants in the spin Hamil ton- 
ian, allowed by different symmetry elements and responsible for WFM in even (+) 
and odd (-) structures: 
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*Actual combinations are comprised of these complex invariants. 


In this table n, denotes the symmetry axis (simple or screw), and n, is an 
inversion axis of the n-th order; o, is a symmetry plane (simple or glide). The 
invariants are given in the Cartesian system of coordinates, the z axis of which 
is parallel to the symmetry axis under consideration (or perpendicular to the sym- 
metry plane). For each of the m components we have written only the lowest order 
invariants. 

We call attention to the fact that if the spins are located on a simple sym- 
metry axis or on a simple (mirror) symmetry plane, the structure is always even 
with respect to these symmetry elements. 

By means of the above table (knowing the specific crystallographic structure 
of the magnetic material and taking into account the conditions formulated above 
in Section 3) one can readily find the structures allowing of WFM, and also the 
directions of the vector |] for which m# 0. In doing so one must look in the 
table for each symmetry element of the crystal.* This will also give us the terms 
in the spin Hamiltonian, necessary for quantitative description of WFM. 

5. We now consider a number of consequences following from the table. 

A. Orthorhombic crystals. For realization of WFM in orthorhombic crystals 
the necessary and sufficient conditions are fulfillment of the requirement out- 
lined in Section 3 above and the additional requirement (also with appropriate 
direction of the vector 1 - see below) that the structure be even only with re- 
spect to one of the independent symmetry elements (axis or plane). If such a syn- 
metry element is 2, (or o,), the terms of the Hamiltonian, responsible for the 
WFM, have the following general form**. 


AyMxly + dymylx + dgmMzlalylz. (5) 


*It is sufficient to consider only the independent symmetry operations, be- 
ginning with the symmetry axis of highest order. 

**The corresponding terms for the cases when the symmetry element is 2. (<,) 
or 2, (sy) are obtained from (5) by cyclic permutation of z, y, z. agen 
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This means, in particular, that in orthorhombic crystals (except in the rare cases 
when all three components of | are nonzero) m # O only on condition that the vec- 
tor | is perpendicular to the given symmetry axis (parallel to the symmetry plane)” 
We note also that if the spins lie at the intersection of two simple symmetry axes 
(planes), WFM in such a crystal is impossible. 
Example 1: The D.;, group has 4-fold positions of three types (a, b and c = 
Ref.6). Positions of the a and b type (coinciding with the center of symmetry) 
permit WFM in each of three possible structures. The c position (located in the 
mirror plane o,) allows of WFM only in one of the structures, namely, in the struc- 
ture in which the sites linked by the center of symmetry have parallel spins (i.e., 
in the structure that is even with respect to the center of symmetry). Positions 
of type b are occupied by magnetic ions of the iron group elements in rare earth 
orthoferrites.* The rare earth ions in these compounds, as well as the Mn ions 
in MnP and MnB, are located in positions of type c.4:5,8 

Example 2: The /)>; group also has three 4-fold positions (a, b and c - Ref. 
6). Two of these - a and (for which the sites lie in the mirror plane Gh) = 
allow of WFM, but in only one (of the three possible) structure, namely, in that 
which is odd with respect to the center of symmetry. For the third position - ¢ 
- the sites lie at the intersection of two mirror planes (6x and o,) , and, conse- 
quently, for it WFM cannot be realized. We note that the low temperature modifi- 
cation of CoS04, which was investigated by Borovik-Romanov & Kreines?, has magnet- 
ic ions in positions ) of the Dj/ group, so that the transition from the antiferro- 
magnetic to the weakly magnetic state (in a magnetic field) , observed by these in- 
vestigators, is a transition to the structure that is even with respect to the 
center of symmetry. 

B. Uniaxial crystals. In all uniaxial crystals m= 0, when | is parallel to 
the principal symmetry axis. The invariant of second order yielding WFM in all 
cases, except for that of odd structure in a tetragonal crystal, is of the form? , 10; 


Mxly — Mylx = [m X 1]. (6) 


It can readily be shown that under the condition m|1 following from the sec- 
ond relation under (4), Eq.(6) does not depend on the direction of the vector ] 
in the basal plane. This means that the magnitude of the spontaneous moment m in 
the given approximation will not depend on its direction in this plane. Among 
crystals of this type? are MnC03 and Q-Feo903. 

For odd structures in tetragonal crystals the following two invariants may 
be responsible for WFM in the basal plane: 


Moly + Myla; (7) 
Mylx~ — Myly. (8) 


For different crystals they may be present in the spin Hamiltonian either 
separately or both together.** These expressions do depend on the direction of 
1, as a result of which the magnitude of m also proves to be a function of the 
angle gin the basal plane. The first invariant gives rise to a spontaneous 

*Orthoferrites are compounds of the MFe03 type with a rhombically distorted 
perovskite structure. We note that in contrast to orthoferrites the compound 
BiFe03 with a rhombohedrally distorted perovskite structure (group Ds)? should 
not exhibit WFM, inasmuch as in it the Fe ions occupy a 1-fold position. 

** (See footnote on following page.) 
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moment varying according to the law m = C1|cos2q9|, while the second gives a spon- 
taneous moment described by m =C2|sin 29|, where Ci and C2 are constants. Nickel 
fluoride, NiFy, furnishes an SEN tetragonal crystal in which WFM is de-_ 
scribed by an invariant of form (7).~» a. 

C. In the presence in a crystal of axes of the 3 or 3 type WFM is possible 
only in structures in which all the sites transforming into each other by means 


of these axes have parallel spins. 
D. Cubic crystals. In cubic crystals WFM is impossible. We recall that ‘we 
are dealing here with antiferromagnets in which the initial structure is collineai 


If, nevertheless, there is observed WFM in a cubic crystal, this means that its 
structure has substantial non-collinearity (presumably of exchange character). 
An example of such a crystal is, apparently, furnished by U05.11 

6. So far we have considered only WFM of the transverse type, inasmuch as it 
follows from condition (1) or (4) that mis perpendicular to l. There can, how- 
ever, exist longitudinal WFM (m ||}1) both by itself and in conjunction with trans- 
verse WFM.12 Above we were unable to consider the existence of longitudinal WFM 
mainly because this would reduce the generality of the considerations; these were 
based on condition (1), which does not follow directly from the requirements of 
symmetry and which is essentially a model assumption. It is characteristic that 
in the thermodynamic theory of DzyaloshinskiiS, in which no restrictions are in- 
posed on the spins, WFM may be both transverse and longitudinal. In particular, 
the spontaneous moment m given by an invariant of the form (7) (for example, in 
an NiFo type crystal) in this case will be transverse when | is directed along the 
side of the basal square, and longitudinal when | is parallel to the diagonal of 
this square; here the magnitude of m, in contrast to the inference in Section 5 
above, must be isotropic (in the approximation linear in 1). Thus experimental 
investigation of the anisotropy of min NiFo crystals would be of great interest 
and value from the standpoint of checking the basic model assumptions of the mod-= 
ern theory of ferro- and antiferromagnetism, among which is condition (1). 

Among the obvious physical reasons for the existence of longitudinal WFM one 
can cite the following: 

A. Nonequivalence of the magnetic sublattices. In this case even with ful- 
fillment of condition (1) for the local spin densities the mean thermodynamic 
spin moments of the sublattices at T # O0°K can differ owing to different tempera- 
ture dependences. Moreover, in this case with rigorous antiferromagnetic compen- 
sation of the magnetic spin moments of the sublattices there may appear a longi- 
tudinal magnetic moment due to differences between the effective magnetomechani- 
cal relations (g factors) of these sublattices.2,12 

B. Anisotropy of the g factor. Even in the case of equivalent magnetic sub- 
lattices (i.e., in the case when the sublattice sites transform into each other 
by the symmetry operations for the space group under consideration) the tensor 
g may differ by rotation through a certain angle for sites pertaining to differ- 


** (from previous page) We note that sometimes in one and the same tetragonal 
crystal, but for different types of antiferromagnetic ordering, WFM can be due to 
different invariants: of the form (6), (7) or (8). Thus, for example, for space 
group D?, when the magnetic ions occupy 8-fold positions i (Ref.6), there may ex- 
ist three structures even with regard to the center of symmetry and permitting 
WFM (one even and two odd with respect to the 4; axis). To each structure there 
corresponds a different invariant: (6), (7) or (8). The Ct group (for position 
2c) is the simplest example allowing of existence of both invariants (7) and (8) 
for the same structure. It must be noted that invariants (7) and (8) are obtain- 


ed ores each other by simple 45° rotation of the System of coordinates about the 
z axis. 
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ent Bravais lattices.19 In this case for a certain orientation of the vector | 
‘there may appear a longitudinal spontaneous magnetic moment (inasmuch as the g 
factor in this direction will be different for different Bravais lattices). 

An analogous reason can lead to the appearance of a mechanical longitudinal 
moment due to anisotropy of the temperature dependence of the mean sublattice 
spin, owing to the fact that this anisotropy is "shifted in phase" for one sub- 
lattice relative to the other. 

In conclusion it must be noted that the general requirement necessary for 
the existence of WFM in a system of equivalent spins, formulated in Section 3, 
is also applicable to the case of longitudinal WFM, inasmuch as in deduction of 
this condition perpendicularity of m and 1 was not utilized. 
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INFLUENCE OF THE MAGNETIC SUBLATTICE STRUCTURE OF FERRITES 


ON THEIR PHYSICAL PROPERTIES 
- K.P.Belov 


1. By now it has been firmly established that ferrites have a magnetic sub- 
lattice structure. This has been demonstrated by magnetic experiments as well as 
by neutron diffraction studies. The presence of sublattices engenders various 
anomalies in the behavior of ferrites as compared with ordinary ferromagnets. The 
influence of sublattices is evinced particularly clearly in the case of ferrite 
compositions having a "compensation point" 6,. The anomalous physical properties 
of ferrites consist not only in heteroclite behavior of the magnetic characteris- 
tics near 0,, but also in unusual temperature dependence of the magnetic and non- 
magnetic properties in the low temperature region. In the present paper we would 
like to call attention to these low temperature anomalies of the physical attri- 
butes of ferrites having a compensation point. 

2. Fig.1 shows the results of measurements! of the magnetic and resonance 
characteristics of gadolinium ferrite with the garnet structure. It will be evi- 
dent that near 100°K (i.e., 180° below @,) the paraprocess* (high field) suscepti- 
bility Xp and normal (low field) sus- 
ceptibility % go through a maximun, 
while the coercive force H, and width 
AHof the ferromagnetic resonance ab- 
sorption curve pass through a mini- 
mum. Fig.2 shows the results obtain- 
ed by Goryaga and Lin Chang-ta2 for 
lithium ferrite-chromite. As may be 
seen, in the region of liquid nitro- 
gen temperatures (i.e., 200° below 
O@¢) there occurs a break in the o, 
versus T curve, a dip of H. and a 
peak of ¥, as well as a break in the 
electric resistance curve (log R 
versus 1/T) and maxima in the curves 
of the longitudinal and transverse 
galvanomagnetic effects (AR/R), and 
(AR/R) i (both effects have a negative 
sign, owing to the influence of the 
paraprocess). The character of all 
these anomalies resembles that gener- 
ally observed at the ferromagnetic 
Curie point. We also note that low 
temperature anomalies of physical 


wn a oa = 750 750 7K properties are observed only in the 
lithium ferrite-chromite compositions 
Fig.1. Temperature anomalies of the physi- (many different compositions were 


cal properties of gadolinium ferrite-garnet studied) that have a compensation 
3Gd203°5Fe20, in the low temperature region: point. 


56, - Spontaneous magnetization, Xp - para- 3. In order to 

: gain a better 
process (high-field) susceptibility, x - understanding of the causes responsi- 
magnetic susceptibility in weak fields, H, ble for these anomalies, let us ana- 
- coercive force, AH - width of the ferro- lyze the temperature variation of 


magnetic resonance absorption peak. 


*Paraprocess = change in the absolute value of th 
e magnetizati 
realignment of the spin magnetic moments. ae ie in 3: 
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7] 100 200-°—«SD 400 500 

iba. 

Fig.2. Temperature anomalies of the physical 

properties of lithium ferrite-chromite (Lig0° 
*2.5Fe203°2.5Cr203) in the low temperature 
region: (AR/R), and (AR/R); are the longi- 
tudinal and transverse galvanomagnetic ef- 

fects, respectively. 


the spontaneous magnetization in 
ferrites possessing a compensa- 
tion point. For example, con- 
Sider gadolinium ferrite-garnet 
{Gd3"} (Fes*) [Fe}*] 0. As is known, 
this ferrite has a triple sublat- 
tice structure. The Gd3t ions 
form a dodecahedral sublattice 
(with eightfold coordination - 
braces), while the Fe? ions form 
a tetrahedral (parentheses) and 
an octahedral (brackets) sublat- 
tice. In view of the strong ex- 
change interaction of the Fe ions, 
at low temperatures the two last- 
mentioned sublattices can be re- 
garded as a single sublattice. 

In what follows, therefore, we 
shall speak of the gadolinium 
ferrite as consisting of two sub- 
lattices: a "gadolinium" sublat- 
tice and an "iron" sublattice. 

We now turn to a discussion of 
the temperature variation of 6, 
for the iron sublattice. To do 
this, we must "exclude" the action 
of the gadolinium sublattice by 
replacing the Gast ions by some 
nonmagnetic ions, for example, 
y3* or Lu3+, yttrium ferrite- 
garnet (Y-Fe garnet) is such a 
ferrite; the temperature depend- 
ence of o, for it is given by 
curve 1 in Fig.3. It will be 
evident that the iron sublattice 
has the normal Weiss temperature 
dependence of 6,; at the same 
time its Curie point is rather 
high, which attests to strong ex- 
change interaction between the 
Fe3t ions. Knowing the shape of 


6, versus T curve for the iron sublattice, we can approximate the temperature 
dependence of o, for the gadolinium sublattice by simple addition of the ordin- 
ates of the gadolinium ferrite and yttrium ferrite curves (Fig.3, curves 3 and l, 
respectively). The dash curve (2) represents the approximate temperature varia- 
tion of co, for the gadolinium sublattice. It will be evident that this tempera- 
ture dependence is extremely smeared out; it is even difficult to determine the 
location of the Curie point on this curve (the entire curve has the character of 
a "tail"). This smearing out cannot be explained by the effect of fluctuation 
of the ion concentration in the sublattice, as is often the case in ferromagnetic 
alloys, inasmuch as it is known that in iron-garnets the ions are distributed in 
the lattice in an ordered manner. The reason for this smearing out is that estab- 
lishment of long-range magnetic order in the gadolinium sublattice depends not 


- 1334 - 


only on the intrinsic positive exchange interac- 
tion between the Gd3t ions but also on the nega- 
tive exchange interaction between the Ga3* and 
Fe3t ions. It is clear that the weaker the posi- 
Gs» 8 cong tive interaction within the gadolinium sublattice, 
| the greater will be the effect on Ga3* of nega- 
tive exchange interaction from the iron sublat- 
tice. There is little positive interaction in 
the Gd sublattice. Hence at low temperatures 
the effect of this interaction becomes negligible 
with the result that there occurs a marked change 
in the long-range magnetic order in the Gd sub- 
lattice. At higher temperatures, the long-range 
order persists in part owing to the effect of the 
negative interaction, which, as it were, inhibits 
definitive breakdown of long-range order. The 
negative interaction between the iron and gadolin- 
ium sublattices is far stronger, as is borne out 
by the high value of 0, (without this interaction 
the appearance of Q@, would be impossible). In 
our opinion, this is the explanation for the 
7k smearing out of the o, versus T curve for the 
Gd sublattice. 
Fig.3. Temperature dependence The anomalies in the temperature dependences 
of spontaneous magnetization: of the physical properties near 100°K that are 
1) "iron" sublattice (yttrium observed for gadolinium ferrites correspond ex- 
ferrite-garnet), 2) "gadolini- actly to the temperature of “exclusion” of the 
um" sublattice, 3) gadolinium effect of the weak positive interaction in the 
ferrite-garnet. gadolinium sublattice. This temperature can be 
regarded as a sort of "Curie point” peculiar to 
the gadolinium sublattice, which explains why the anomalies of its physical pro- 
perties are similar to those observed at the Curie point of ordinary ferromagnets. 
Strictly speaking, from the standpoint of the thermodynamic theory of second or- 
der phase transitions this temperature cannot be regarded as a magnetic phase 
transition point, inasmuch as the gadolinium sublattice is located in the intense 
"magnetizing" field of the iron sublattice (in order to emphasize this difference 
we have put "Curie point" in quotation marks). 

Analysis of the temperature dependence of 6; for lithium ferrite-chromites 
possessing a compensation point leads to the same result. Here the "weak" sublat- 
tice (in which the Cr3* and Fe3* ions are distributed) is octahedral and its 6, 
versus T curve is smeared out, while the "strong'’ sublattice (which contains only 
Fe ions) is tetrahedral and has a Weiss type 6, versus T curve. 

4. The above concepts also help to explain the "mechanism" of appearance of 
a compensation point in ferrites. The condition for the appearance of @. is the 
presence of a sublattice that has a large magnetic moment (at O°K) and weak ex- 
change interaction, i.e., a smeared out o, versus T curve (curve 2, Fig.4 a) 
while the sublattice with the smaller syerntng 

magnetic moment has strong exchange inter- 
action, i.e., a Weiss type 6, versus T curve (curve 1, Fig.4,a). Under this con- 
ace een exists a high probability of appearance of 8¢ even at low tempera- 
u ’ ch is precisely what one observes experimentally. According to the 
Vevaruiae a aa prea Sl sree sublattices that have Weiss type 6, 
» the 6, point can only appear near @ (see Fig.4,c); 


ap Fon OF 
100 200 300 “ait 
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Fig.4. Diagram pertaining to the discussion concerning the appearance of a com- 
pensation point. 


<-Fig.5. Temperature anomalies 
of the physical properties of 
lithium ferrite-chromite in 
the region of 6, (E - modulus 
of elasticity; Q-1 - internal 
friction). 


there is scant probability for 0, 
appearing at low temperatures. 

5. If the "weak" sublattice 
has a lower magnetic moment at O0°K 
than the "strong" one, there ap- 
pears an anomalous temperature 
dependence of o, (in Néel's clas- 
sification, type M; see Fig.4,b). 
In the particular case when the 
magnetic moments of both sublat- 
tices are equal, we may get a o, 
versus T curve that "issues" from 
the origin, i.e., 0, lies at or 
near O°K. In this case it is dif- 
ficult to determine the "Curie 
point” of the "weak" sublattice 
inasmuch as ferrimagnetic magnet- 
ization in such a ferrite is de- 
termined mainly by the "strong” 
sublattice. The "weak" sublat- 


G72 700200. 300. #00 $00 TK 


*Nor does Néel's theory enable us to explain the appearance of low tempera~ 
ture anomalies of the physical properties of lithium ferrite-chromites, because 
in his theory it is assumed that the exchange interaction both within the sublat- 
tices (AA and BB) and between the sublattices (AB) are negative. If, however, we 
assume that in at least one of the sublattices there exists positive interaction 
(as we do in the present article), the appearance of low temperature anomalies 
in lithium ferrite-chromites having a compensation point becomes understandable. 
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Fig.7. Temperature dependence of 
the longitudinal (AR/R),, and trans- 
verse (AR/R), galvanomagnetic ef- 
fects in lithium ferrite-chromite 
(Lig0°2. 7Feg03°2.3Crg03) , recorded 
in different magnetic fields: 1) 
1083 Oe, 2) 2260 Or, 3) 6800 Oe, 
4) 11 070 Oe. 
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tice has little effect on the shape 
Fig.6. Temperature anomalies of the physical of the so, versus T curve for the 


properties of gadolinium ferrite-garnet at ferrite. 

low temperatures and in the region of 6. 6. Owing to the difference be- 

(AE/E - relative change of E in a magnetic tween the exchange (and, obviously, 
field: the "AE effect”). magnetic) interactions in the sub- 


lattices, the physical properties 
of ferrites below and above 6, must differ in character. This applies to all 
properties: magnetic, resonance, electric, galvanomagnetic, magnetoelastic, etc. 
Near the compensation point, where the sublattices, so to speak, exchange roles, 
there are observed marked anomalies of all the enumerated characteristics (Figs. 
5 & 6). The behavior of the indicated characteristics does not resemble that 
which is observed at the ferromagnetic or antiferromagnetic Curie points; there- 
fore, 0, should not be regarded as the temperature of a second order phase transi- 
tion. 

7. Finally, we would like to call attention to the behavior of the magnetiza- 
tion curves of and even effects.in ferrites with 8, in high fields. By virtue of 
the fact that these ferrites have a sublattice with "weak'' exchange interaction, 
at low temperatures there are observed a strong paraprocess (especially near the 
low temperature "Curie point") and the usual associated effects: volume magneto- 
striction, high-field galvanomagnetic effects, etc. 

In the region of temperatures above @_, inasmuch as the "weak" sublattice is 
magnetized antiparallel to the "strong" sublattice, a strong magnetic field can 
lead to the effect of spin "flip out’ from the "weak" sublattice, with the result 
that the magnetization curves will not evince saturation. 
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Fig.7 shows the temperature dependences of the longitudinal and transverse 
, galvanomagnetic effects in lithium ferrite-chromite, measured? in strong fields. 

Whereas below 6, and near 9 these effects are due to the paraprocess (both ef- 
fects are negative and equal), above Oc (but close to it) both effects are posi- 
tive, which is unusual for ferromagnets. We ascribe the appearance of this anoma- 
ly to the effect of spin "flip out". A longitudinal and a transverse field will 
rotate the spin in the same direction (decrease the angle between the spin and 
the field), which accounts for the appearance of longitudinal and transverse gal- 
vanometric effects of the same (positive) sign. 

We note that the spin "flip out" effect can also be observed in ferromagnets 
that do not have 6, but do have a "weak" sublattice (curve 3, Fig.4,b). L.A. 
Malevskaya in our laboratory detected this phenomenon in 2. 7TYt903°0. 3Tb903° SFen03 
in the process of recording magnetization curves. Saturation was not observed 
on these curves even at very low temperatures, although the magnetic anisotropy 
constant was approximately the same as in 3Yt903°5Fe903 ferrite. 

Thus, in order to understand the physical properties of ferrites, it is im- 
portant to take into account not only the magnitudes of the magnetic moments of 


the sublattices but also the character and strength of the exchange interactions 
in and between the sublattices. 


Moscow State University 
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REGARDING THE NORMAL ENERGY STATE OF FERRITE WITH THREE MAGNETIC SUBLATTICES 
- A,A.Gusev & A.S, Pakhomov 


1. Consistent quantum mechanical treatment of the magnetic properties of 
ferromagnets provides the basis for extending to such systems the phenomenologi- 
cal method of molecular fields! +? The advantage of the microscopic treatment is 
that it allows of immediate introduction of the atomic characteristics of the 
system and enhances the possibilities of analysis and explanation of the behavior 
of specific substances as well as the prediction of new effects. 

Quantum mechanical treatments of the ferrite model with two sublattices have 
already been published by a number of authors.1-* In particular, Tyablikov® in- 
vestigated the general ferrite model near absolute zero by the method of approxi- 
mate secondary quantization; then this treatment was extended? to finite tempera- 
tures by the variational method. In the present paper, proceeding by analogy 
with the work of Ref.2, we consider the general case of a ferrite model with three 
sublattices, with a view to applying the results to interpretation of the proper- 
ties of rare earth ferrites with the garnet structure. In this first stage of 
the investigation we consider the normal energy states corresponding to stable 
configurations of the magnetic moment at absolute zero with different assumptions 
regarding the signs of the exchange integrals. We also touch on the question of 
the dependence of the magnetization on the intensity of the external field. For 
the sake of simplifying the calculations and convenience in comparing the theo- 
retical results with experimental data for garnets, in addition to the assumptions 
inherent in the given model, we make only the assumption that the exchange inter- 
actions of one of the sublattices (the rare earth sublattice) with the other two 
(iron) are approximately equal and appreciably weaker than the exchange interac- 
tion between the two iron sublattices. 

This assumption, however, is physically resonable, inasmuch as experiment 
shows that all rare earth garnets have approximately the same Curie point. 

2. The investigated system - a magnetic single crystal - may be regarded as 
a conjunction of three sublattices, one inserted into the other, at the sites of 
each of which there are located magnetic ions of one type with given spins 
(s1, S2, $3) and magnetic moments (1, 2,13). The numbers of magnetic ions in the 
sublattices equal N;, Nz and V3, respectively. Each of the sublattices is ferro- 
magnetic, i.e., the exchange integrals Ji, J22, Js3 > 0. 

The exchange interaction between the sublattice can, in general, be either 
ferromagnetic (positive) or antiferromagnetic (negative). 

The Hamiltonian of the system can be written in the form 


Ke 3 
ip Cares (aay Aa) Are Aes 2 i) Ga 3 RB 
x Qf s fa’) (Spo Sy — FL, EMG Soca) — > be (HS ay). D 
ay 4293 %, J=1 k=1 
1» J2 fg fF) 
Transformation of (1) to Bose operators? allows of separating out the energy 
of the ground state: 


3 

/ SS OC rad Sor = et . > 

5 2 (hy A) oAy)— Si If, g) (5; 5,4) — D1 Hx (Hom), ©) 
fg p(k) 

which, as can readily be shown, can be written out on the basis of (1) by formal 


replacement of the Si) operators by classical vectors 
over the lattice ” i). Introducing the sums 


of ine pk eH ines 
Ji = 2, LA. AY Js= > 108, M); Jn = 1g, 7, (3) 
: 1” 


(3) 
Ny 
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invoking the relations 
Ny Jy. = NoJo, = Kyp, No Jo3 = Ng Jg9 = Kos, Ne Js = Ni Jig = Kai, (4) 


and assuming that in each of the sublattices the spins are approximately parallel 
and, therefore, that the classical vectors Gi) do not depend on the site index 


j/, i.e., assuming that Si) ae we can introduce the partial magnetizations 
M;=p,Nio; (i= 1, 2, 3) (5) 
and rewrite (2) in the form 
3 3 
B= —E,— )) hij (MiM;)— >) (HM)), (6) 
>i i=1 
where ais: 
{ 3 K;; 
Ey=zNiJuch ki =aeN,N, - (7) 


i=1 


According to (4), the constants A;; are symmetrical as regards commutation 
of their indices; the same thing obviously is valid for 4;;, i.e., hij =k. 

On the basis of Eq.(1) and utilizing the Bogolyubov variational theorem, we 
can, by a procedure analogous to that employed in Ref.1, write equations describ- 
ing the temperature dependence of the magnetization. We note that these equations 
allow of considering the question of compensation points, the behavior of the mag- 
netization in the region of the Curie point and in the paramagnetic region. How- 
ever, these questions will be examined in another paper. 

According to (6), the ground state energy of the system is a function of the 
spatial arrangements of the vectors M;. The external magnetic field H can be re- 
garded as a parameter (0<H<oo), The behavior of E is determined by the micro- 
scopic characteristics of the system: the exchange interaction, the k;;, the values 
of the atomic constants |; and 6;, and the cation distribution Jj. 

3. For determining the equilibrium configurations of M; we make use of La- 
grange's method of multipliers. The lengths of the spin vectors are fixed: 

3 
St (Mj)? = Mi, = const; (i = 1, 2, 3). (8) 
a=1 

The energy (6) must be investigated taking into account Eq. (8), i.e., extrem- 
um conditions of the form 


3 
LeU. 4 2 
fe iad wera (9) 
t=1 
Writing the total differential of F, setting @f = O and equating the coeffi- 
cients at the dM; to zero, we obtain 


4M, =e ky2M, + ky3Ms Ss H, 
KegyM, + AgMy + ko3Mzs = —H, (10) 
KgiMy = KgoM> a AsMs = —H. 


Eqs.(10) together with conditions (8) form a complete system for determining 
the J/% and };, corresponding to the extremum given by (9). 
Carrying out vector multiplication of each of Eqs.(10) by the corresponding 


M; and adding, we obtain 
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s (M;xH)= 0. cae) 


i=1 


For H=£0 the condition characterized by (11) will obtain provided 


SI M, =0 (12) 
i=1 


or 


3 
iS M;)| H. (13) 
a 
The results (11)-(13) are, obviously, general properties of our postulated 
model, which should be borne in mind in solving the set (10) in different speci- 
fic cases. Incidentally, without imposing any restrictions, it may be assumed 
that the field H is in the direction of the 2 axis. < 
Regarding Eq.(12) we note that this case corresponds to a closed "triangular 
configuration of the magnetic moments with the resultant magnetization equal to 
zero, a case which we will not consider here. 
4, The matrices of the cofficients of the set (10) are 


Ay Kye kis My Ky. ky —4 
K=[{ he Ae kes |, (14) K’' =| key de keg —1 (15) 
ks1  ktgg Ag lat, o-oo okie 


We denote the determinant of matrix K by Az: =Det K and the determinants 
of the adjoint matrix A’ through A®, Accordingly, we shall use A® for denoting 
the determinants of the square second order matrices that can be constructed from 
K’ 

Depending on the characteristics of the ions, the values of the Ji;, the re- 
lations between them and the geometric structure of the crystal, i.e., type of 
lattice, the determinant A; may or may not vanish. Let us consider the case when 
it does not vanish. 

Solution of the set (10) yields 


AW 
M, — —3_H. (16) 


Consequently, all the M; are parallel to the field H; hence in view of con- 
ditions (8) we obtain 


Mi=Mi=0, Mi=+M, (i=4, 2, 3), tl 


i.e., eight solutions (for all possible combinations of signs). Among these we 
must choose those that actually correspond to extremum values of E. This is 
achieved by successive insertion of each solution x into (6) and comparison of 
the FE, with each other. 

The Lagrangian multipliers 1, will, obviously, depend on kiz, My and H. 
Their explicit form can be determined from the set of equations 


A.M,—A?H=0 (i=4, 2,3), 
however, we will not solve them here inasmuch as in our case we do not require 


the A; in explicit forn. 


Let us now consider the three physically most natural cases of distribution 
of the signs of the exchange integrals J/;;, which determine the character of the 
interaction between the ions of different Sublattices, namely, 
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<0, Js, >0, (18) 


Carrying out the above level selection operation for each of these cases on 


the assumption that | His | >| Aas |, | kes |, we obtain the following minimum energies 
(for not excessively strong magnetic fields): 


A , } 

Ey = — By — kygMy Moy — kysM gM 3 — Kos M oy) M gy — (— My + Moy + Map) H, (19) 
EY = — E, — kysM Mog — kisM pM eo — feos MoM 39 — (Mio — Moy + Mg,) H, (20) 
G 

EY a E, aa kyoMy)M oy, =— k13M 1M -- kogMooM 39 — (— Mio ++ Mo, + M 30) ae (21) 


The M; configuration corresponding to /} and E* is shown in the figure (a); 


we note, however, that in general pe BO The resultant magnetization in these 
two cases (A and C) equals 


Me a: — My a Mo, -- Msp, (22) 


and in the case B (figure b) 
My es= My — Moy + Mop. (23) 


In superstrong fields, capable of overcoming the spin forces, there will be 
realized a different extremum solution (solution II), corresponding to a maximum 
value of the energy. It will correspond to the configuration in which all the 
M; are aligned with the field H; this configuration (figure c) will be common for 
all cases: A, B and C. The energy levels in this case, obviously, will be differ- 
ent. Thus the energy for case C will be 


Ex = — Ey + ky2My Mo + ky3M 49M 39 + ho3M 99M 39 — (Mio + Moy + A539) Hl. (24) 


It may be of interest to compare the deduced expressions for the magnetiza- 

tion with the available data for rare earth ferrites with the garnet structure. 
It can readily be seen that Eq. (22), which was ob- 

tained as a result of successive solution of the 

M; M, M, problem of the stable, minimum energy arrangement 
M, M, of the magnetization vectors of the sublattices of 

the system, agrees with Néel's empirical formula 

yy “a; for garnets, (see, for example, Ref.7): 


th 


M,,.=6M,—(6Ma—4M,). (25) 


Me The similarity between Eqs.(25) and (22) becomes 


M, 


Cc 


obvious if we set Mio =6Mg (rare earth sublattice), 
Ms = 6Mc (tetrahedral Fe3t lattice), and Moa = 4M, 
(octahedral Fe3t sublattice). Equation (25), as is 
known, is in agreement with the experimental results 


for gadolinium and yttrium garnets. 


Inasmuch as the configuration given by (22) is realized both in the case when 


all the exchange interactions between the sublattices are assumed to be negative 
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e case when it is assumed that one exchange interaction (name- 
these circumstances should be borne in mind in interpreting 
experimental data and carrying out experimental tests of the theory. 

Equation (25) proved to be inapplicable to other (other than Gd and Yt) rare 
earth garnets. For example, in the case of dysprosium garnet Eq. (25) yields 
Mineo 10uz, Whereas the experimental value Mexp = 32.9 pp; for holmium garnet the 
divergence is even greater: (Mineo Os, Mexp = 27.9 pp). If, however, we assume that 
for these garnets there is realized the case B configuration given by Eq. (23), we 
obtain appreciably better agreement: for Dy garnet M,,..%30 pp, and for Ho garnet 
Mtheo® 25 Un. In this connection there may arise the question of the mechanism of 
appearance of a compensation point. Although here we are not considering tempera- 
ture dependences, we may note that this difficulty can be overcome if it is as- 
sumed that collinearity does not persist with increasing temperature or that the 
magnetization of the Fe3t sublattices is characterized by its own compensation 


(case C) and in th 
ly, /23) is positive, 


point. 
5. Obviously, the linear configuration (solution I) in a very strong external 


magnetic field will be disarrayed even at absolute zero, so that in final analy- 
sis, as was noted above, in all cases we obtain solution II, i.e., orientation of 
all the M, along the field ("absolute” saturation). It is found that the region 
intermediate between solutions I and II is also described by Eqs.(10) in the so 
far unexamined case when A,—0 (solution III). To be specific, let us consider 
the case C (all the Ji; < °). 

So that for A,=—(0 the equations of set (10) will be compatible there must be 
fulfilled the conditions A? =0 i =, 2, 3). This gives us the following set of 
equations for the Lagrangian multipliers: 


Ne = hyAg + kroghy + kyshg + kyo (kos + kegy — ky») ==} 
KO aa hod = kegyAq =a KoiA3 Si kgs (keg, 4 ky. kos) = 0, 
AS — Ashy te kyoAg = KeoA4 + kegy (ky. = k33 — K-31) = 0.) 


(26) 


Se 


Equations (26), as well as (10), are not independent. Let us first consider 
the limiting case when there obtain not only conditions (26) but all the A! —9 
i.e., when among Eqs.(10) only one is independent. Then we obtain the condition 


ky. = kis = keg = k, Mie he = As = —k. (27) 
The arrangement of the magnetization vectors with H|0zmust satisfy the condition 


3 3 3 
Mi = Mt =0, Mi = = HX. (28) 
1 i=1 i=1 


The energy of this state is 


leecias 
Ein" =—£)— >>) Mn— 5 FH, (29) 
i=1 


and the resultant magnetization is 
lim 1 
Miwa 752. (30) 
The magnetization increases linearly with the field, but there is always retained 


the condition (28). Physically this limitin 
g case can be realized onl 
exceptional conjunction of circumstances, namely, when tga PS 


Hy pe pe bs Ls Ya ° sey 


Hence the limiting case is only of abstract interest; mainly it establishes 
the important fact that the field dependence of M,., is linear. This result, as 
we shall see, remains valid in more complicated cases. 


Still bearing in mind ferrites with the garnet structure, let us assume that 
keg =kgy =k’, ky =k and k>k’, (32) 


then Eqs. (26) become 
= ( 
= 0. , 


It will be obvious that there can be two intermediate solutions: 


4. My = ho == —k, A3 == — Ks (34) 
2. Ai; ieee —k, Ag = —k’. (35) 
The mathematically possible case 1 =)\»=—k, }43 = —k’ leads to incompatibili- 


ty of Eqs.(10) with k++’ and must be rejected. 
Case 1. If conditions (34) are fulfilled, then having solved (10), we ob- 
tain for the energy 


Cy 1 t ( k’ 4 
Eyi=— Ey — x [k? (Mig + Mio) + k’*Moo] —(14— 7) HM so — ciples (36) 
and, accordingly, for the magnetization 
k’ 
Mres = (1—) Mv + | A. (37) 


We note that with *’ ~k we arrive at the limiting case characterized by Eqs. 
(27)-(31), i.e., k’ =k corresponds to strong coupling between the rare earth lat- 
tice and the iron lattices. On the other hand, for very small #’ there will be 
such weakening of the coupling that we will essentially have the intermediate case 
of a two-sublattice model”, when M3 will always be oriented along the field, while 
for components M; and Moe, which are oriented perpendicular to the field (hereafter 
we denote them by J’, and M/,) there will be fulfilled the condition M,=—M, 
(obviously, in this case M’,— 0). Break up of the linear configuration will occur 
in a critical field 


ay =k (Moy — My) 1 k’M 30, a 


which is obtained by joining Eqs.(21) and (36). 
Case 2. If there are fulfilled the conditions of Eq. (35), then having solved 
the set (10), we obtain for the energy 
3 
C k’ ; 1 
Eyri = —E)— => >) Min —(k —k') MyM ay — yz H, oo 
i=1 


and for the magnetization 


Mee = H. (40) 


- Thus the orientation of the rare earth sublattice magnetization M, is inti- 
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mately related with the directions of M, and M2 (for a given direction of the 
field H), but the resultant magnetization for all distributions of the M; in the 
entire region of the validity of this solution is a linear function of the field; 
the difference from the limiting case characterized by Eqs. (28)-(30) is that the 
susceptibility in the intermediate state III will equal 1/k’ (rather than 1/k/) and 
that this state forms from state I at the critical value of the field 


H® = k! (Moy + Mao — Mio), 
which is obtained by joining Eqs.(21) and (39). 
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CONCERNING THE COEXISTENCE OF THE FERROELECTRIC AND FERRIMAGNETIC STATES 
- G,A.Smolenskii, V.A.Isupov, N.N.Krainik & A.I.Agranovskaya 


In a previous investigationl of ferroelectrics of complex composition we 
demonstrated the possibility of coexistence in crystals of the antiferromagnetic 
and ferroelectric states. 

One can assume that substances that simultaneously have ferroelectric and 
ferromagnetic or antiferromagnetic properties will exhibit a number of interest- 
ing ,distinctive attributes. Depending on the character of the Spin ordering, we 
shall call these substances ferroelectric-ferromagnets, ferroelectric~antiferro- 
magnets or ferroelectric-ferrimagnets. The appearance of magnetic ordering will 
obviously affect the ferroelectric properties, and, conversely, the appearance of 
the ferroelectric state will affect the magnetic properties. From the point of 
view of thermodynamics this means that in expansion of the thermodynamic potenti- 
al of a single-domain ferroelectric-ferromagnet or ferroelectric-antiferromagnet 
into a series in terms of the components of the polarization vector P;, the mag- 
netization vector j/; and the deformation tensor uij, mixed terms, for example, 
terms of the P} M;,as well as the PiMju;; type, must be taken into account. 

Among the different types of crystal structure known at present only the 
perovskite class comprises a large number of ferroelectrics and substances with 
magnetic ordering. ABO: type crystals with the perovskite structure are charac- 
terized by the strong internal electric fields necessary for the appearance of 
ferroelectricity. In addition, the angles in the B cation - oxygen - B cation 
chains are equal or very close to 180°, which is the optimum condition for the 
appearance of magnetic ordering in the B sublattice, owing to superexchange inter- 
action. In view of this, crystals with the perovskite structure are the ones 
among which we are most likely to find coexistence of electric and magnetic order- 
ing. 

" It is perfectly clear that for magnetic ordering to appear in crystals with 
the perovskite structure, there must be present in the B sublattice a certain con- 
centration of transition element ions with noncompensated spins. Such ions, how- 
ever, are not distinguished by high polarizability. At the same time, ferroelec- 
tricity appears, if the A and B ions are distinguished by high electronic and ion- 
ic polarizability in the crystal lattice. This condition is most fully satisfied 
if in the B sublattice there are transition metal ions having in their ground 
states the s?p° shell of a noble gas (Ti4t, zr4*, NbSt, Ta5t, w6t), while in the 
A sublattice there are ions with an unshared pair of 6s electrons; such pairs, ap- 
parently, are stereochemically active (Pp2t , Bist, T11*). The ions of thege groups, 
however, do not have a magnetic moment. As a result of careful search, we“ dis- 
covered a substance that simultaneously satisfies the above requirements. Our, in- 
vestigations showed that Pb(Fe9/3W1/3)03 is a ferroelectric-antiferromagnet eek 
a ferroelectric Curie temperature of -90°C and a Neel temperature of about 100°C. 
Our next problem was to obtain a ferroelectric-ferrimagnet based on this compound. 

Ferrimagnetism can be induced in substances with the perovskite structure by 
a certain ordering of the ions in the B sublattice in solid solutions. In the 

(1 — x) A’B’O3s —2 A’Bo.;"Bo.5” Os system* of solid solutions let the first compound 
be an antiferromagnet, each B’ cation of which is surrounded by six B’ cations with 
spins antiparallel to that of the first cation, and Aer the second compound be “4 
paramagnetic with ordered arrangement of the B” and B” ions alternating along a 
three fourth-order axes of the cubic lattice. At small values of xz, the ions 
the octahedral positions are distributed statistically. With increasing conten 


*Here and in what follows z is the concentration (in mole %) of the second 
component. 
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of the second component, however, there occurs partial ordering of the ions (at 

sufficiently high concentrations of the second component this ordering may epee 
complete). Let us examine the case when the 5B” ion has a magnetl’ MOMGIE ; while 
the B’” ion does not. In this case (provided magnetic ordering is maintained) the 


solid solutions can be represented by the formula: 


Avoghs (BeteB dB 2e0 andes 


9 » 2 9 


where the arrows indicate the directions of the magnetic moments of the ions. 

Establishment of magnetic ordering leads to the appearance of the ferrimag- 
netic state. Let us calculate the saturation magnetic moment per formula unit as 
a function of component concentration for the idealized case of complete ordering 
of the ions at any concentration. 

The calculations are carried out on the assumption that the only magnetic 
ions that contribute to the magnetic moment of the crystal are those that have 
no less than two neighboring magnetic ions in the other sublattice. We do not 
take into account the possibility of weak ferromagnetism, and assume collinear 
orientation of spins. This assumption is justified by the fact that in substan- 
ces with the perovskite structure exchange interaction within each of the sublat- 
tices forming as a result of ordering of the B ions can be neglected and only the 
interaction between sublattices need be taken into account. Analogous calcula- 
tions®,? were carried out for ferrimagnets with the structure of rock salt and 
garnet. 

The magnetic moment per ABO; formula unit equals 


ms = 0.5 (mr — my) = 0.5 {[m! (1 — 2) + mr] [1 — E (ky)] — m’ (1 —2) [1 —E(kp)]}; 


here and in what follows my; and m,,; are the magnetic moments of the sublattices, 
m’ and m” are the moments of the B’ and B’ ions, sk; and ky are the fractions of 
nonmagnetic ions in sublattices I and II relative to the total number of ions in 
the given sublattice (in the present case k;=0 and ky =z) and E(k) = 6k*—5k*is 

the probability that a magnetic ion in one sublattice has no more than one near- 
est neighbor from among the magnetic ions in the other sublattice (for k;=0 and 
E (ky) = 0). 

The results of our calculations are shown in Fig.l. In spite of the fact 
that the number of ions with uncompensated spins in sublattice I is always great- 
er than the number in sublattice II, at high concentrations of the second compo- 
nent there occurs a change in direction of the macroscopic magnetic moment. This 
is explained by the fact that, when there is a high concentration of diamagnetic 
ions in the second sublattice, most of the magnetic ions in the first sublattice 
do not have among their neighbors a sufficient number of magnetic ions. As was 
pointed out above, such ions do not take part in the magnetic ordering. LaFeOs — 
— SrNij;W),;03 solid solutions can serve as an example of ferrimagnetic solid 
solutions of this type. These solid solutions, however, do not have ferroelectric 
properties. 

We investigated ({ — x)Pb(Fe2sW1s)Os — 2Pb(Mgi2W1/2)Os ferroelectric solid solu- 
tions. Polycrystalline specimens were prepared by means of sintering of the ap- 
propriate mixtures of the oxides (chemically pure and reagent grade) at 900-920° C. 
Petrographic analyses and x-ray diffraction studies disclosed the formation of 
solid solutions in the entire range of concentrations with a low content (up to 
5%) of the second, nonmagnetic PboW0s5 phase. The first component of these solid 
solutions, as was pointed out above, is ferroelectric and antiferromagnetic 
while the second component is antiferroelectric with ordered arrangement of dia- 
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Fig.1. Calculated values of the magnetic moment of A\_,A;(B;_xBx)(f’ _Bx) Os type 
SSeS ii 
2 2 


2 
solid solutions for different values of «x for the cases when the magnetic moment 


of the B’ ion equals 5,, (solid lines) and 1», (dash lines). The figures at the 
curves indicate the magnetic moment of the B’” ion. 


magnetic Mg2* and W6+ ions. This case differs from the one discussed above in 
that the second compound contains no magnetic ions but causes ordering of the Feo 
and W6* ions in the solid solution. X-ray diffraction studies carried out by M.F. 
Bryzhina showed that already at a second component concentration of «20.20 there 
is observed ordering of the ions in octahedral positions. The volume of the crys- 
tal and magnetic unit cell equals —~ Bas; where ao is the cubic cell parameter in 
the absence of ordering. The chemical formula describing the completely ordered 
solid solutions is 


Pb (Fes/,1—x) Mg»;,x) (Fe 1 


Wr 
‘aa (1—x) fae (2+x) 


) Os. 


The investigated solid solutions are ferroelectric in the range xz = 0 to 0.88. 
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500 7,°C 


$000 


«-Fig.2. Temperature dependence of 

the dielectric constant « (1), spon- 

taneous magnetic moment (2) and reci- 

procal of the susceptibility 1/x (3) 

of 0.7 Pb (Fe, /3W,/g) Os— 0.3 Pb (Mg, )2W4/>) @y 
solid solution. 


At temperatures below Of (the ferro- 
electric phase transition temperature) 
there are observed dielectric hystere- 
sis loops. For «<> 0.88 the solid 
solution are antiferroelectric. Curve 
1 of Fig.2 shows temperature depend- 
ence of the dielectric constant for 
solid solutions with z= 0.3. The 
magnetic moment measurements were 
carried out by the Faraday method 
using spherical specimens. The field 
dependences of the magnetic moment 


7000 4, Oe 


Fig.3. Field dependences of the magnetic moment of 0.7Pb (Fe,,,Wy/3) Os — 
— 0.3Pb(Mg,,.W,.)0s Solid solution at different temperatures. 


Me , Ha 


-O1 
Pb Fez, Wy; 0, P6 Mgy,Wy, 03 


Fig.4. Results of calculating 
the magnetic moment m, (1), 
magnetic Curie temperature with 
complete ordering of the B ions 
(2) and the Néel temperature 
for statistical distribution of 
ions (3) of (1—<) Pb (Fe, ,W4/3) Os — 
— & Pb (Mg,.Wy) Os Solid solu- 
tions. Curve 4 represents the 
experimental variation of the 
ferroelectric Curie temperature 
@g with composition in the giv- 
en solid solutions system: a) 
experimental value of 6y, b) 
experimental value of m,- 
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of this solid solution at different temperatures 
are shown in Fig.3. The spontaneous moment m, 
(curve 2, Fig.2) was determined from the result- 
ant curves by means of the formula m =m, + y¥H, 


where H=Hew— 1 Curve 3 in Fig.2 shows 


the temperature dependence of 1/,. The curve 
is characteristic of ferrimagnets. The phase 
transition to the paramagnetic state is smeared 
out; hence in this case it is more appropriate 
to speak of a phase transition region rather 
than a transition point. In Ref.8 we attempted 
to give the reason for smearing out of the phase 
transition. 

Gilleo’ assumed that the exchange interac- 
tion energy in a crystal (and, consequently, 
the Curie temperature) is proportional to the 
average number of magnetic couplings or the num- 
ber of interacting Fe-O-Fe pairs per "active" 
Fe ion, and calculated the Curie temperature 
§, of ferrites with the garnet and spinel struc- 
tures. Similarly, we can evaluate the number 
of interactions in perovskite: 


n (Ky, ky) = (4 — ky) [1 — E (ky)] (1 — ky) ie —E (ky)]. 


The number of ions participating in the 
ferrimagnetism: 


N = 0,9 {(1 — ky) [4 — E (ky)] — (1 — Ans) [4 — E (Ay) )}; 


from which it follows that the Curie temperature 
equals 
m (ky, yy) 


Ou (Ar, At) = W 


6 (0.0), 


where 6, (0.0) is the Néel temperature of the substance not containing any nonmag- 
netic ions. 


Magnetic moment 
per formula unit 
at .77°K ,_ tip (ex- 
perimental) 


Composition 
(value of z) 


Magnetic mo- 
ment at OK, 


Fig.4 shows the results 
of calculating the magnetic mo- 
ment (curve 1) and Curie tem- 
perature (curve 2) of solid 
solutions for the case of com- 
plete ordering, and the Néel 
temperature (curve 3) for the 
case of statistical distribu- 
tion of the ions. Fig. 4 also 
shows the experimental composi- 


(calcu- 
lated) 


tion dependence of the ferroelectric phase transition temperature as indicated by 


the maximum of € (curve 4). 


As can be seen from the accompanying table, the values of the magnetic mo- 


ments of the compositions with zx 


0.3 and 0.4, determined experimentally at 
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-196°C, are somewhat lower than the values calculated for the case of complete 
ordering at O°K and taking only spin moments into account. The magnetic moment 
of the z = 0.20 material is substantially lower than the calculated value. This 
points to incomplete ordering of ions in the given solid solution, which is sub- 
stantiated by x-ray diffraction data on the intensity of the superstructure lines. 

The experimental Curie temperatures are in satisfactory agreement with the 
calculated values. 

In 1960 a number of authors (see, for example, Ref.9) reported the discovery 
of ferrimagnetic and ferroelectric properties in some compounds with the struc- 
ture of tetragonal potassium-tungsten bronzes. Our experiments showed that these 
compounds are indeed ferroelectrics, but we found no evidence of ferrimagnetisn. 


Institute of Semiconductors, 
Academy of Sciences of the USSR 
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ENERGY SPECTRUM OF CURRENT CARRIERS IN FERRO- AND ANTIFERROMAGNETS 
- E.K.Kudinov & A.G.Samoilovich 


Investigations of the temperature dependence of the conductivity of some 
antiferromagnetic materials reveal a change in the character of the conductivity 
incident to transition through the Curie point: below the Curie point the conduc- 
tivity is typical of semiconductors: 


ee UKE 
o~exp(— S38), 


while above the Curie point the conductivity is metallic, i.e., o~1/7. Values 
for some compounds are given in the accompanying table. 
It will be evident from these data that the activa- 


z e Bi ctirrens | tion energy AH, is much greater than the exchange inter- 
ompound a [eas action energy leading to antiferromagnetic ordering. It 
is significant that in these substances the s electrons 
VO 120, 0,23 do not participate in the conduction, inasmuch as they 
ae . ee go over to the oxygen atoms. We shall assume that con- 


duction here is due to the remaining d electrons of the 
metal. 

In the present work we propose an explanation for the existence of AZ,. We 
shall use the polar model to describe conduction, and assume that the electrons 
in going from lattice site to lattice site obey Hund's rule. 

In the zeroth approximation the lower level of nonpolar states is separated 
from one-hole levels by a gap AF») equal in order of magnitude to the energy of 
electrostatic interaction of an excess electron and the rest of the atom's elec- 
trons. Taking into account interaction between neighbors, these levels broaden 
into bands. If the band width of the polar states depends on magnetic ordering, 
the activation energy will vary with the magnetization of the sublattice. In par- 
ticular, if the lower edge of the band of polar states overlaps the lower edge of 
a nonpolar band, the conductivity will be metallic in character. 

We shall determine the width of the zone of polar states with a single exci- 
tation as a function of the magnetization and shall consider a crystal with a 
single excess electron. We assume that the excess electron occupies an orbit ly- 
ing somewhat outside the orbits occupied by the atomic electrons; we also assume 
that the atomic shell is filled. In most actual cases these conditions are, ap- 
parently, not satisfied inasmuch as the atomic d electrons do not fill the d or- 
bits, while the extra electron does occupy these orbits; but taking such degener- 
ated states into account makes the problem practically unsolvable. Nor is it 
clear just how taking degeneration into account would affect the result. 

We assume that the excess electron, in occupying the states with maximum 
total spin, obeys Hund's rule. We shall look for splitting of the degenerate lev- 
el into a band (whose width agrees in order of magnitude with the width of a band 
with a single hole). We shall allow for electron-electron interaction only by 
selecting wave functions that take into account exchange interaction between neigh- 
boring atoms (spin ordering) and within the atom (Hund's rule); we shall consider 
the splitting of the level into a band by means of the one-electron Hamiltonian: 


H = > Fite ata) (1) 
aa’;a 
where co is the spin index and the a are the other quantum numbers describing the 
electron, i.e., /n - the radius vector of the n-th lattice site, m- the magnetic 
sublattice number, Y - the quantum numbers of atomic orbits y(l; 1’) (the Z are the 
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quantum numbers of the filled orbits and /' is the quantum number of the excess 
electron's orbit). In the case of ferromagnets, the zeroth approximation wave 
functions can be schematically represented as follows (we have in mind the case 


of only two sublattices): 


S,=S S;,=—S 8,=S+4, 
(1) ite { ; 
cee Shey api lit rhe Denesalemt= 2 
Tn—1 Tn 1 ae 
SSS S| = S Sz—=— or fe | 
= ‘+ , 
_ Viale nae ee A oat ae Dis 
fn—1 ie Trt 


i.e., the function ®") (/) describes the location of the extra electron at site /, 
in the first sublattice, while (7) describes its location at site /, in the 


second sublattice. 
In the second quantization representation these functions can be written in 


the form 
+1, P 7 
D2) H1/,- — 1 a , . 
Do” 7) = > C3: SA 1/5 -m 7 pom Ay,38; 8 II II A jymS;Sm_Do5 (2) 


n 
m=—'/ fn’$n mM=1; 2 
here Ap 18; Sm is a linear combination of the products of the creation operators, 
which, acting on the vacuum function, yields the atomic state with a total momen- 


tum S and component Sm, for example 


A _ “| mn + ie 
Afpmao =< V2 (Aj ma4/,0} may), +f Oj, ma,—1/,2F maz/,) > 


where the Cg are Clebsch-Gordan coefficients: 
19/1 79/29/97 
O” (f,) = Gen Atas; s Aj,2s;-s []  Aimmss,Do- (3) 


Ir’ an M12 
We shall seek the solution of the Schrédinger equation with operator (1) in 
the form of a series in the functions (2) and (3), taking translational symmetry 
into account. As a result of simple operations, we obtain in the nearest-neigh- 
bor approximation an energy band of the form 


AE = Fay.p9 } (k) 
maser ts (4) 


where the function /(k) depends only on the geometric structure of the lattice 
(Fei;82 = F't,,61;fn62)- 
The dependence of the band width of the excess electron on the state of mag- 


1 
netic ordering, which is characterized by the factor Vis 71 and embodies the gist 


of the obtained result, is a consequence of the assumption that the excess elec- 
tron interacts so strongly with the electrons of the given atom that in effect it 
obeys Hund's rule. The probability for transition of the electron to a neighbor- 
ing atom will depend on the state of ordering of the lattice, 

Calculations for ferromagnetic ordering are carried out in an analogous man- 


ner (for the sake of convenience we consider a ferromagnet consisting of two 
identical sublattices): 
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AE; = Foy,59f (k). (5) 
In the paramagnetic case we obtain an energy band for each given arrangement 


oe the spin moments and then average this band over all possible arrangements 
with equal weight. This yields the following: 


Ab gett ( 3 ¥SFSa1) + x V5—S.) | 00. (6) 


s,=—S 


Thus, in all three cases splitting of the energy level is of the form 
AEy = Jpf (k) , (7) 


where J, has different indices for the ferromagnetic, antiferromagnetic and para- 
magnetic cases; by definition 


Jn = ApJ, (8) 


where Jo = Fay;p0. 
The values of «, for different S are given in the table. 


Ss ie ep ee 
1p 1 0,85 0,7 
i! 1 0,85 0,6 
3/5 1 0,85 0,9 


As will be evident, incident to transition from the antiferromagnetic to the 
paramagnetic state, the zone width increases and, in principle, transition from 
the state with semiconductor conductivity to the state with metallic conductivity 
becomes possible. Incident to transition from the ferromagnetic to the paramag- 
netic state, on the other hand, the zone narrows, and transition from metallic to 
semiconductor conductivity can ensue. 


Institute of Semiconductors, 
Academy of Sciences of the USSR 
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OF KINETIC EFFECTS IN NiO TYPE SEMICONDUCTORS 
CONTRIBUTION TO THE THEORY SMALE 


The phenomenon of electron transfer in semiconductors of the NiO type “ ele- 
vated temperatures exhibits a number of distinctive sb aah ah pieiap ar 
other things the carrier mobility Uis anomalously low and U(T) ~exp (— Q/T7). 
Usually these are substances in which the electron zone Ae is relatively narrow 
(the d or f zone of the transition metal, i.e., Ni in the case of NiO). According 
ly the theory of electron transfer should be capable of explaining obsexved ex- 
perimental facts and predicting athens and should adequately describe the mechan- 
ism of transfer in such substances. 

According to loffel, who was the.first to study this problem, the current 
carriers in these substances move by jumps from one lattice site s to another s’ 
between the ions of the transition metal; later, Heikes & Johnston2 hypothesized 
that the current carriers are "small" polarons (polarons of small radius). Sub- 
sequently, Yamashita & Kurosawa“, using the theory of quantum transitions, calcu- 
lated the mean probability WW; for such a jump, accompanied by many~phonon tran- 
sitions with conservation of the phonon energy (we are dealing here with a crys- 
tal having ideal periodicity, when the polaron energy at identical transition 
metal ions in different sites is the same, i.e., when &,=€&,. It was found4 


that the expression for W,, diverges 


co 
dg 
War ~ \ 52 exp (C008 &) = 00; 
—oo 
the divergence was eliminated by the somewhat arbitrary and in no way justified 
substitutions 


\ = | and Wes > Wee ~ I (6). 

Holstein? carried out a more thorough analysis of W. for the particular 
case of a one-dimensional molecular chain (alternating "+" and "-" ions in the 
molecule) , and elucidated the reason for the divergence; however, even Holstein 
was unable to eliminate the divergence in a physically justified, unambiguous 
manner. In the approach employed in the work of Refs.4 & 5 there arises the inm- 
portant question of compatability of the polstulated jump mechanism with trans- 
lational symmetry of the crystal and the presence of a polaron zone; it was 
shown4-§ that the width of this zone 


Apoi= Ae exp (— ny ==) (1) 
for kT >ho, (ois the limiting frequency of the polarization phonons and } is a 
parameter of the polaron coupling, which is appreciable). 

The basic argument underlying the investigations of Refs.4,5 & 7 is the fol- 
lowing: inasmuch as Apol< Ae and Apol rapidly decreases with increasing tempera- 
ture, the zone treatment and the alternative transfer mechanism - jumps - are in- 
applicable for such narrow zones. This approach, however, is unsatisfactory, for 
no quantitative criterion was established. Although in Refs.4 & 5 there were ob- 


tained formulas for W,,(T) and some other interesting specific results, it follows 

*We shall not touch here on the question of the character of the spectrum of 
the quasiparticles - current carriers (why, for example, NiO is not metallic), in- 
asmuch as we are interested primarily in the transfer mechanism; the existence of 
such virtually noninteracting carriers is assumed a priori. 
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from what has been said above that the theory for the probability of jumps, de- 
veloped by these authors, cannot be regarded as consistent and satisfying in prin- 
‘ciple. Finally, in Refs.4 & 5 the general theory of kinetic effects was not con- 
sidered, and it was assumed only that the diffusion coefficient D=a? W.,. (a is 
the lattice constant, while the mobility Nh emore Dk Tom ; 

In the present paper we propose a general theory for transfer with low mo- 
bility, in which all the above mentioned difficulties and questions simply do not 
arise or are automatically solved.* 

For the sake of brevity we do not consider the influence of magnetic transi- 
tions inasmuch as we are concerned in the main with the region where 7 >T7y or 
Tc: these and other questions can also be examined in the framework of the given 
theory. On the basis of general expressions for the kinetic coefficients 6,4; 
(Ref.8) and using equations (I.4-8 from Ref.9) we consider only stationary proces- 


ses for which of), = Gap + Opa) (and the analogous expression for o'?),): 


co 


= BY, 
SEN lars \ dte—!'| Re (BA (t)), (2) 
where the /,A are the fluxes (charge, energy and the like), A (t) = exp (a ) . 


Re 


A exp(— 2), His the Hamiltonian of the system, ¢...>=Spexp(BF—8H)(...), WN 


e 


is the carrier concentration, and B=1/AkT. 


Specifically, our system consists of a small polaron located at a transition 
metal ion site and weakly interacting with the fields of the other (stationary) 
ions, i.e., 


H =H,+ A xl’, 
wherein 
Ho| sn) =e (n'®)|sn9); (snl | H’| s'n') = (sn |Vy |s'n'), 


(sn | H"| sn) = 0; AVe = >) Ve (k—ar); 


(+ 8’) 


(3) 


here n)is the aggregate number of phonons that can change incident to a s—s’ 
transition; the function |sn)) can be orthagonalized and it can be assumed that 
(snis)| s’n') = Sse'Snn’- In calculating G,4p we regard 1/7’ as a small perturbation and 
formally expand ¢,, in terms of 4,, taking Sp in the |sn)) system for different 
s,n), which to good approximation we regard as complete (in case of necessity one 
can readily take into account other states as well). Inasmuch as continuity of 
the spectrum of the system is a necessary condition for transfer, important in 
principle here is continuity of the phonon spectrum; then for calculating the 
are we used the theory of perturbations in a continuum. This is conveniently 
done for the resolvents f,:9,10 


RF = lim (Hy + A,H’ —l+ie), exp (+ zt t) = = \ dl exp (+ > 1) Re. 

In formal expansion of R# in terms of i, it proved feasible to realize partial 

. *We are dealing here with one "excess" carrier, so that the question of the 
relation between the methods of Heitler-London and Bloch, associated mainly with 


taking into account Coulomb correlation, simply does not arise. 
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summation of some of the subsequences; we utilized the specific properties of 


the elements whe 
(sn) | Nol’ | s’n'®), 


namely 
| 0 (N°) for s=es’ ni) Be A 
(sn's) | Dytalt | s'n'®)) an ‘0 Chea: Zz = 4, for n') = nis’), $ = & 
a (0 (N°) for ns) =n'®) 


, , 1) ofn"(8')) 
(sn) | Ao AGN ll Gam AyhoH’ | s’n' ©?) 0 (N-7?) for nn’), 


if A;|sn)) = A;(sn©) | sn) and NV is the number of ions (atoms) in the crystal v8 
the limit as N—>0o, Q-oco for 2/N-=const). The partially summed new series RF 
takes into account “attenuation” of the |sn)) states (owing to sn“)—>s‘n'*) transi- 
tions); detailed analysis shows that 
Apol(T) 
ee 


is actually a small parameter; here ree?) is the mean (for the ensemble) width of 

the unperturbed level of the polaron; moreover I (7) is finite (no divergences). 
The developed theory of transfer effects in a system with strong coupling 

(electrons with phonons) contains the following basic small parameters: 


nl) <1 Aas 1*,and also i and =I (@characteristic) (as a consequence 


Apol<kT). Inasmuch as Apol decreases, while I'(7) increases with increasing T, 

at appropriate values of Ae,jand w, the condition )< 1can be fulfilled for 
T>Tors also Apoi(Ter) = iY (fcr) . In the region where T>Ae and 7>Tocr the cor- 
rection to the leading term in 6,4; is small and thus the theory is valid, while 
the difficulties encountered in the investigations of Refs.3 & 4 do not arise. 
Moreover, in case of reasonable interpretation of the condition »(7)< 1 it may be 
assumed that the jumps are essentially a form of polaron-zone motion (i.e., tran- 
sitions of trapped zone packets between sites), which is possible provided the 
width of the packet ~ Apol< AI (7). This is possible for the zone of a small polar- 
on (but not an electron), if the phonon spectrum is continuous.** 

Before concluding we would like to mention some of the other results ensuing 
from the developed theory. 

1. The phenomenon of transfer with low mobility may occur not only in ionic 
crystals but in crystals of the homopolar type in which there can form current 
carriers - condensons of small radius, which is possible at certain values of the 
parameters of the system (small condenson-electron strongly interacting with the 
phonons of the homopolar crystal). Such effects have much in common with polaron 

*For expansion of exp (—8H) in terms of do. . 

**Tf the phonon spectrum were discrete, we would have transitions between dis- 
crete levels at nearest neighbor sites (tunneling type transitions, and it would 
be necessary to take into account degeneration of (n°’) in energy, which is not re- 
quired in the case of a continuous spectrum of phonons) and then it would be as- 
sumed that Apol~ exp(— Q/T) and that the theory does not contain the small parameter 
yn, and consequently, transfer could not have the character of jumps (see above, 
regarding the continuity of the spectrum as a necessary condition for transfer). 
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transfer but also exhibit certain distinctive features (this matter will be dis- 
cussed in a future paper). 

2. Only the principal approximation in terms of 1 and A can be interpreted 
as transfer by independent jumps between nearest neighbor sites; higher order ap- 
proximations may be said to take into account the quantum-statistic correlation 
of real jumps and virtual transitions over intermediate sites, involving an ever 
greater number of such events, but their contribution decreases rapidly for 
n< 1. Thus for > 1 there occurs a transition from jumps of packets to zonal 
motion of the Bloch type. 


3. In the principal approximation the Hall mobility U,.,—0, and the mobility 


U (L) = (s| (e—a,)*| s) <P (7), 


moreover, at high temperatures 


U (L)~exp(— Q/T), Qe; 
from this there follow the formulas for U (7) deduced in Refs.4 and 5 for some 
particular cases; usually (s|(c—a,)*|s)<a? and, together with Ag, the element 
(s| (e —a,s)*|s) can be used to take into account the influence of magnetic transi- 
tions. 


4. In an ideal crystal (with transition element ions of one type) the thermo- 


emf «= aa and Aw=a <w=0 (u is the chemical potential) and the zero-point heat 


conductivity x=0. The inequalities F lps} Act [60 and “%+0 can obtain under cer- 
tain conditions in a nonideal crystal ‘(or in the presence of several different 
types of transition ions with close energies 

Thus our theory explains the basic experimental facts and predicts certain 
other facts; it also provides a basis for quantitative description of the mechan- 
ism of transfer with low mobility of the carriers. 
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CONTRIBUTION TO THE THEORY OF NONRESONANCE ABSORPTION OF AN ALTERNATING MAGNETIC 


FIELD BY A FERROMAGNETIC DIELECTRIC AT LOW TEMPERATURES 
- M.I.Kaganov & V.M. Tsukernik 


Introduction 


If the applied homogeneous high frequency magnetic field is circularly polar- 
ized in the plane perpendicular to the equilibrium magnetic moment of the ferro- 
magnetic specimen, the field vector can rotate either in the direction of free 
rotation of the magnetization vector or in the opposite sense. In the first case 
the most significant role in the absorption is played by ferromagnetic resonance 
associated with coincidence of the frequency of the field with the frequency of 
precession of the magnetic moment; in this case there is excited a spin wave with 
zero momentum owing to absorption of a photon (the momentum of the photon is as- 
sumed to be zero). 

In the second case ferromagnetic resonance does not occur, and absorption 
of the magnetic field is possible only due to interaction in the spin wave system 
(this applies to the range of temperatures substantially lower than the Curie 
point). 

The spin waves interact with each other, with phonons and with impurities. 

In the present work we take into account the first two types of interaction, which 
occur even in an ideal ferromagnetic dielectric. In this case the Hamiltonian of 
the system in the spin-wave approximation with accuracy to fourth order terms in 
the spin-wave creation and destruction operators a,* and «a, is of the form (see, 
for example, Ref.1): 


% = Xo + Xs + Xst + Mn. (1) 


here the first term x, is the Hamiltonian of the system of noninteracting spin- 
waves 


% = paket Ex = Eo + 9 (ak)?, (2) 


&) = Hy + BuM,, 
where H,is the constant field applied in the direction of the easy magnetization 
axis, M,is the equilibrium moment, $8 is the anisotropy constant, 6, is a quanti- 
ty of the order of the Curie temperature, ais the lattice constant, and w= gh 
(g is the gyromagnetic ratio). 
%s is the operator of the interaction of the spin-waves with each other 


%s = S) Dyo,,a*ata3 + Dyo-g0tataga, + 
2 ibe 2 12334 nig 3Q4 | >} D4 ;0340*A20304 “= comp. conj. (3) 
1234 


In performing the summation one must bear in mind th 
e ob = 
tion of momentum: vious laws of conserva 


Mp 
2) gn 2B + sn 25, . 


2 
Do.34 = — S {28 ++ 1 (sin? 6, + sin? 6, + sin®0; + sin? @,) — 


oe ES rt ky,)* (ky, = kg.) (ky, a R42) (Ky, ie kg,)? } 


(1 — kg)? (Ki — ks)? (K2 — Ky)? (kp — ks)? Se 


@M xd TU? * 9 Z é . 
13234 = — gy (Sin? O,¢7** + sin? Oge2'™ 4 sin? @ series), (6) 
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Vis the volume of the specimen, § and @ are the polar angles of the vector k; 
the polar axis is chosen along the easy magnetization axis. 


% is the Hamiltonian of the interaction of the spin-waves with the phonons: 


—_ f 
Me) = >, {%),,.397@¢b,. + Pi o54{42b,.} + comp.conj. , (7) 
1233 


Visis = 7 Mo (sero) TES a eat 


3 


e-. = eX, — py > 
€33 lé 


3) $7? (8) 
A sy kh "Mp 
Piss = iypM (span77) (73€33 — Sf 5,055)» (9) 


where ; is the magnetostriction constant, ¢,; is the unit vector of the polariza- 
tion of the accoustic wave vector /, and polarization / (/ takes on three values), 
3; = cjf (c; is the speed of sound), and pis the density of the specimen. 

%, is the Hamiltonian of the interaction with the alternating magnetic field 
circularly polarized as described above": 


1M WV \2 , 
1 ¢ x ) Rg (ape! + ately, (10) 


here h, is the amplitude of the alternating field, and is its frequency. Inas- 
much as the photon momentum in the radiofrequency range is appreciably smaller 
than the momenta of quasiparticles (spin-waves and phonons), the alternating 
field may be regarded as homogeneous. 

In Eqs.(5) and (9) we have omitted terms associated with exchange interac- 
tion (see Eqs.(3.15') in Ref.1 and (11.5) in Ref.2). In addition, we have neg- 
lected terms of higher orders in the expression for x, appearing in the expan- 
sion of the moment operators in powers of a‘a (see Eq.(3.4) in Ref.1). This is 
justified inasmuch as with accuracy to second order perturbation theory (to which 
we restrict our consideration), these terms make no significant contribution to 
the absorption of the magnetic field.3,4 

For calculating the transition matrix elements it is convenient to use ex- 
pansion of the S matrix in powers of interaction. The absorption coefficients 
are determined by first order terms in the expansion of the S matrix. Terms not 
containing interaction, as will be evident from Eq.(10), vanish. Hence in the 
approximation of lowest order in interaction and of first order in the alternat- 
ing field the expansion of the S matrix is of the form 

S=1-5 \\ dty dtyT %int (t1) n (to); (11) 
—o 
where “ini = %ss + %s1; the operators Xin: and x, are taken in the interaction repre- 


sentation for which the time dependence of the operators 4, and aj is given by 
1 pt tept 


the factors e h and et , respectively, and 7is the time ordering operator. 


1. Interaction of spin-waves with each other 


It can readily be shown that third order terms in x,, make no contribution to 
the S matrix, inasmuch as for the processes involved (see Fig.la) conservation of 


*The transition to resonance polarization corresponds to change of the sign 
of o in Eq.(10). 
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ly. 

tum and energy do not obtain simultaneous 
nia Sas described by fourth order terms that make a nonzero ERE 
to the S matrix are shown in Fig.1b and le. For these processes, using Wick's 
theorem and the fact that the relation between the operators a; and a, is de- 
scribed by 


— . pio (tite) 


ak (tr) au (be) = 52 Om \ oe tO, O—> +0), 


we can calculate the corresponding transition probabilities. The probability 
W, of break up of a spin-wave into two spin-waves with emission of a photon 
(Fig.1,b) is given by the following expression 

645 (12) 


OR ons 
=i. uM Vho 1 Port a, (n, + 1) (nm, + 1) 6 (ho + & + & — &), 


° (&9 + fiw)? 
| ed se ky. 


W, 


The expression for the probability W, of merging of two spin-waves into 
one with emission of a photon (Fig.1,c) is given by 


(Die ale 
ie = o uM Vhs pet (n, + 1) 6 (e, + &, — & — fio), (13) 
k, +k, =k,. 


The zero index on the amplitudes © corresponds to the wave vector of the photon, 
which we neglected; in our case of a field circularly polarized perpendicular to 
the easy magnetization axis 0, =0. 

From Eqs.(5) and (6), invoking the laws of conservation of momentum, we ob- 
tain 


Day = — ie [28 + 3x — x cos? 6, — 5x (cos? 6, + cos? 6,)], 


2 . S 
D,; x20 = — = (sin? 6,e7°* + sin? 6,7"), (14) 


The absorption coefficient is expressed in terms of the probabilities of 
the "forward" and "reverse" transitions: 


8xho 


v= BV (Wi — Wai}, (15) 


where Wi; is the probability for a "forward" and W;; is the probability for a "re- 
verse’ transition. The summation is carried out over the wave vectors of the 
spin-waves participating in the given process, and also over all the processes. 
Making use of Eqs.(12)-(15) and going over from summation to integration and 
replacing the spin-wave occupation numbers by Bose functions, we obtain 
Eut ey 


h 
eee eee ae Dae il Bee fp (7 = 1) ee dk, | Por; ww Pe * 8, + 8,— e+ ho) 


m4 (&) + Rw)? Eu fy eytey tho ’ 
(7 ata) (ar 4) (. : 7) 
Entey 
@ 


. 7) ((Hetbol rem, fhe 7 Oust 6 2, hay 
€ ty Ey tey U 
Fai (Fora “F i) 
=k, +k,. 


the 5-functions are most conveniently eliminated by integration over the differ- 
ence f,— @,- Carrying out, in addition, all the other integrations, after rather 


r2) ees 9ouM 


Fat (ey + hae te (16) 
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Schematic representation of processes. The solid lines represent spin- 
waves, the wavy lines represent a photon with zero momentum and energy 
io; the dashed lines correspond to phonons. 


cumbersone computations, we obtain for the different limiting cases: 
a) "high temperatures"* (7 «,): 


/ 2uM 2 
onde | ee ho ee. 
8s 


T2 
Tes d ArgM, Galan &y<ho<T, (17) 


4 a 2 Tle 
Vas C (7/2) gM, ee) (hw)? 0, Y ho>T, 


where w — Le is the dipole-dipole interaction energy; rough evaluation of the 


numerical coefficients yields A,~ A, ~ 10°; 

b) low temperatures (T<Eé,): 

*We recall that in all cases the temperature is assumed to be much lower 
than the Curie point (T < ®,). 
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t= ee (18) 
SS awe : _ _BEo 
BV F°(H) Gey © 7» os te 
where "ls o) 124 4 Hl 
B= Se lt taslS—a) tal teV T= 10 


(for not excessively large 8). 


2. Interaction of spin-waves with phonons 


Let us now consider the influence of the interaction of spin-waves with 
phonons on the absorption in the magnetic field. Absorption in this case occurs 
because of transformation of a phonon and a photon into a spin-wave and also be- 
cause of merging of a spin-wave and photon with the formation of a phonon (see 
Eqs.(1), (7) and (11) and Figs.2a and 2b). We denote the corresponding field ab- 
sorption coefficients by I and IS, respectively. 

Proceeding much as above, we obtain 


ho; (f) 
ho = —|2 At 6 EF a Se 
a) 2ho (uM)? 2 ( 22 eee (e, — ho, (f) — ha) 
cS = Itp Cray Ge: —)3 fio; the Tie5 df, (19) 
oy;(¢ —1)(e : —1) 
h®; 
; ho Z\o ba 
(2) ho (uM)? 1? a (fe; — 3f,e7)2e * 8(ho;— e,—ho) 
4 = gen ae chess T) 3 \ssaa ee ae (20) 
ssaileetea aera) 


The 5-functions in this case are best eliminated by integration over fj. Using 
the explicit form of the / dependences of ¢ and ho;, we obtain 


6 (hho; — er tho) = F551 —h) (fl, abe 
where 
a, he; ; hic. 2 & + ho 
h= mat Vo (ape) ge er 
= he. he. 2 & Fh 
n=ae—V (a) — Sa Ge 


(the upper signs correspond to I\}; the lower signs to I). 


After integration over jf in the denominators in the expressions under the 
integrals above, as will be evident from Eqs. (21)-(23), there appears the factor 


he; 2 &opho 
26a? Co 


If the speed of sound c; were independent of the direction of propagation, 
this root could be taken out from under the integral. Then at frequencies 
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the absorption coefficient would have singularities. Actually, however, even in 
a cubic crystal the speed of sound depends on the direction of the vector te 
After integration over angles the singularities vanish. From Eqs. (22) and (23) 
it is evident that the absorption coefficient I‘) is nonzero for all frequencies 


4 : : Wet 
if LEAS gs: ,» while if SER it is nonzero only at frequencies great- 
c 


0,2” 
h 2 
er than ow —® 1 “max , Near the point © = the coefficient T{Y?~V m—o”. 
hh 4” Aa g g 
4 A222 
Analogously, if — : ane , the coefficient [@)—0 at all frequencies, 
a 
c 
1 eee Aer (2) 2) 1 hemnax & 
while if Ste. “55 ett the coefficient I')--0 for o<o; =~: 0,a2 — z+ Near 
the point o =o the absorption coefficient mc VCS —o. The absorption coef- 


ficient I) goes to zero at o=of and =o, while © =0 at w=0 and o=o2, 
This means that each of these coefficients has a maximum. The less the speed of 
sound depends on the direction of vector /, the higher will be these maxima and 
the closer they will be located to the frequencies of and oP). 

Comparison of the coefficients [,, and I’,;, shows that for the usual values 
of the constants entering into the expressions for [I the absorption due to inter- 
action with phonons is appreciably less than the absorption due to interaction of 
the spin-waves with each other. 

We take this opportunity to thank I.M.Lifshits for valuable discussions. 
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CONCERNING A MECHANISM OF ABSORPTION OF THE LONGITUDINAL MAGNETIC FIELD 


BY A FERROMAGNETIC DIELECTRIC 
- M.I.Kaganov & V.M. Tsukernik 


In an earlier contribution! we investigated absorption by a ferromagnetic 
dielectric of the energy of an alternating magnetic field polarized along an 
easy magnetization axis. The absorption of the field for WTss<1, where t,, is 
the relaxation time in the system, was calculated by means of a kinetic equation 
for the distribution of the spin-waves (it was assumed that the temperature of 
the material is appreciably below the Curie point 0.). In the case of higher 
frequencies the predominant role in absorption is played by break up of the pho- 
ton into two spin-waves with opposite momenta. This process was also considered 
in Ref.1. However, as was noted in this contribution, the break up of a photon 


into two spin-waves occurs only at frequencies » greater than “> where e090 is the 
energy of a spin-wave with zero momentum. Yet there is a broad frequency range 
i<o<F, which was not considered. 

The subject of the present communication is the absorption in this frequency 
range. The interaction Hamiltonian of the spin-waves with each other and also 


with the longitudinal alternating magnetic field in the lowest order approxima- 
tion in spin-waves is of the form 


T= Hee A, (1) 
where 
Hint = 5} Or:satazas + compl. conj., (2) 
132 
4 : é 
Hy, = x bho (etek ae egist) >| ata, (2") 
k 


ho is the amplitude of the alternating field; for the other notations see Ref.2. 
As for the strong exchange interaction between the spin-waves, it can be shown 
that in the given approximation (second approximation of perturbation theory) it 
makes no significant contribution to the absorption. 

It will be evident from Eqs.(1) and (2) that the matrix elements of the tran. 
sitions are linear in the alternating field and nonzero only in the second (and 
higher) approximation of perturbation theory; the corresponding processes are a) 
merging of a photon with a spin-wave with the formation of two spin-waves and b) 
merging of two spin-waves and a photon into one spin-wave. 

The calculations of the corresponding absorption coefficients T, and ly are 
analagous to those described in Ref.3. Here we give only the final results for 


the total absorption coefficient [ —[l, + I} with an accuracy to within a numeri- 
cal factor of the order of unity. 


At high temperatures (¢,<T <4); 
27 T 
eM PUmLOC ip + <ho <e,, 
c ss 
w2 f RANE 
oe Moxon (ae) > e,<<ho <T, 


M sas ol */a = 
: ‘aaa (4) de 
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At low temperatures (1 <e,): 


3Eo 


2 1, Fi wes al 
gM, — ale ak re T ,— <ho<e,, 
6. 06 9. Ts5 


c 


C~ 
e ee */e — 
jaca a) ie 
le °F (ha | 0, ¢ O > bp 


Comparison of these results with the coefficient of absorption due to break 


up of a photon into two spin-waves! shows that the process considered here is 
Significant only when fw < 2). 


Physical-Technical Institute, 
Academy of Sciences of the Ukrainian SSR 


References 
1. M.I.Kaganov & V.M.Tsukernik, Zhur.eksp.i teor.fiz., 37, 823 (1959). 
(Trans.Soviet Physics - JETP.) 


2. A.I.Akhiezer, V.G.Bar'yakhtar & M.I.Kaganov, Uspekhi fiz.nauk, 71, 533 
(1960). (Trans.Soviet Physics - Uspekhi.) 


3. M.I.Kaganov & V.M.Tsukernik, Present issue of the Bulletin, p.1358. 


- 1366 - 


TEMPERATURE DEPENDENCE OF THE WIDTH OF FERROMAGNETIC RESONANCE PEAKS 
- Méng Hsein-Cheng 


Van Vleck! was the first to advance the notion that broadening of ferromag- 
netic resonance peaks may be caused by disorder of the ions in the lattice. Clog- 
ston et al? later used this notion in the first quantum mechanical analysis, in- 
vestigating elementary excitations in which energy is, but momentum is not con- 
served. They assumed that the scattering of spin waves with k =O and the ap- 
pearance of spin waves with 4+ 0 are due to variations in the pseudodipolar 
interaction in a lattice with chaotic distribution of the ions. In the spin wave 
approximation they found that 2AH ~ ) M,. Hypothesizing the same mechanism, P'u 
Fu-Chue and the author? employed Green's functions to calculate the magnetic sus- 
ceptibility tensor, from which 2AH was determined. The result is in agreement 
with that of Clogston et al. Izyumov4 also postulated the same mechanism but at 
a certain stage in the analysis he replaced the spin operator s; by its mean 
value and found that in the spin-wave approximation AH ~ M. It is evident 
from the work of White», however, that the factor mainly responsible for the 
width of the resonance peaks cannot be pseudodipolar interactions. 

Callen & Pittelli® recently took into account the dependence of the internal 
spin-spin and spin-orbit coupling energy on the position of the ion in the crys- 
tal lattice.7,8 In view of this, the perturbation due to disordering of the ions 
can give rise to intense scattering of spin waves with k —0. On the basis of 
this mechanism, Callen & Pittelli found the same dependence of 2AH on M»yas in 
Ref.2, along with anisotropy of 2AH. 

By adopting the Callen-Pittelli® model but without restricting ourselves to 
the spin-wave approximation, we can use Pauli operators to arrive at a result 
that hypothetically should be valid for all temperatures. 

Let us assume that only two kinds of ions, A and B, are found in the octa- 
hedral sites of the spinel lattice. We then separate these ions into four groups 
according to the directions of their crystallographic fields, namely parallel to: 
1) [111]; 2) [TT]; 3) [1Ti];4) [711]. We designate the unit vectors in these 
directions by F; (t= 1, 2, 3, 4). 

According to Callen & Pittel1i§, the first and second order perturbation 
energy due to internal spin-spin and spin-orbit coupling is equal to D(E;-S,)?. 
The Hamiltonian of the system is of the form: 


H = H, + (Da —Ds) >\(q; — ©) Pu (ES;)?, (1) 


where fy, c, q; and P,;; have the same meanings as in Ref.6. 
Consider the most general case of a ferrite ellipsoid. The crystallographic 
axes are directed along £; and the principal axes of the ellipsoid along z(i= 1 
2,3). The resultant magnetization is parallel to the Zz axis (one axis of the ons 
ares system 7;(i= 1,2,3)). In general, M is not parallel to the external 
ield. 


We now transform from the operators 8; to the operators b; and é+;9 


A as ~ 
© iat enya et: Sy ee e - ete f 
85+ = 7 25 (1 — 3) bj, 8; —i8¥ = V25 bF (1 2) , (2) 
5} = 5 — nj (nj = 6; +6); 
these operators obey the following rules: 
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j (3) 
sain 2 neue Eat) 


Unfortunately, there is at present no suitable method to determine the ex- 
plicit form of Green's functions for the S=£1/, case, which compels us to apply 
the method developed for the S='/, case in Ref.10. We introduce the operators 
ax, at, 6, and oz, which are defined as follows: 


6; = N21) U5 ay. 


bt = Neat, (4) 
A Xr a a Ny - 94 aA 

a, = ch = 6, —sh aa week east 

“a Xx “A t Xr * —— © “nw 

ax = ch - 6, —sh > err ero, (5) 


It must be stressed that here a;,a;,6, and ot 
much as b; represents a Pauli operator. 
mutation relations hold: 


are not Bose operators, inas- 
It can be shown that the following com- 


A A 1 — i(k—k’+k,—k,) r;* 
[ax, 2x] = Onn — ae De At) apeliap, 


[ax, ax] = 0, 


“A A j Xr Xr rd 7 iN , 2 A aA 
[ox, of] = (ch = ch > a= ch > sh +e (Pe Pe) [a,, aie), 
& os rs Na As . Ae: x 7 > Pe; , 5 a 
(Se, Se] = 4 (chsh “Hew — sh Ech —¥ ctPe) eM (L2H), (6) 


It can readily be shown that 


<[ ax, aw) = 26S8xx'; 
[Sey S#]> = 2658xe, (7) 
<[Sx, Sx] = 0 (<S7> = 38). 


At a certain stage of the calculations we use (7) instead of (6). It is ap- 
parent that this approximation is equivalent to the one used by Tyablikov1l9, 
The Hamiltonian is finally written as follows:* 


A=H, 4+ DAs kK) oboe + ACE k) oeoe + 
+ Dia (ky B’) Orde + Disa (k, k’) ot of: (8) 
here 
Ae oe Dy amy 8) Pe Sy, (gh &* oh 
i(k, ot ie B) >) (9; —°¢) tje t\S Sn > Xx 
“ INR her ; Me | Se, 
x et Pk 4 ch = sh = eHee | a; (sh a sh =e (Pio is) ee 
ye / Noe Xn Dee x MS ; 
te ch ch “* | 4 210; (sh ch HEE 4h aa eeeaey || (9) 


*The Hamiltonian is given incorrectly in Ref.6. 
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helaaie 
—i (k-+k’) r; k k 
jigs k’) = fy (Da — Da) 31 (9; — 9) Pre 3 {ui (ch ch 
n Kae SEM ete ct dv Mit —2i1@ pr 
+ sh--sh ee Oe x) _ 2Vi chs hes eat 


UE eA Rar: 
+ 2iQ (sh Steen hee (Deaths ch 7 ch “8 Hy (10) 
wid V, = (Ere,)? — (Eres)?, 
V; = (E,e,)? -- (E,e.)? —2 (Exes)?, 
= (11) 
Q; = (E,e;) (Erez), 


e;(i = 1,2,3) are unit vectors in the directions ai (i = 152,3): 
Reetiae that the time derivative of Si, is einer dependent upon Ok and 
Sos i.e., neglecting all remaining terms with k’-+k, we obtain 


IRS) = 0) + 265 Da" (k) 5p + 268 >) B (Kk) oF, Aa 
ihG_ = O4Sy + 2oSe (k) 6, + 2658 (k) ot, 
where 


a (k) = fy (k, 0) + (0, 4), 
B(k) = fo(k, 0) ++ 20, hy, (13) 


The following expressions are obtained for the frequencies ®, and @;: 


0) = 1 VEE OG Ne) i, 2 eae See (14) 
on = 1 V (Hy — NogM + oH ak) (H, — NogM + oHia?k® -— 4nM sin? %;,, (15) 


where H, is the x-component of the external field and /V is the demagnetization 
tensor. 

Here, in contrast to the familiar expressions for ©, and @,, obtained in the 
spin-wave approximation, Mis the magnetization at the given temperature, rather 
than at absolute zero. Moreover, the exchange term in ;, depends on o. 

We now introduce the following Green's functions: 3 


G™ (tt) =O0(t—1)<15, (0), of )D, 


A 3 16 
G? (tt) = 0(t—t’) [oo (t), 6 (0). 
Making use of the general formula for the susceptibility tensor1l0 
N 
Y bac = ~ Nag? i (Gy (E) as G® (E)) pa neories (17) 
it can be shown that near resonance 
5 My? E 
Nex = 57 [Ho + (Nag — Ng) AL ————t (18) 
eX 2Wo 0 2 33 ] (o—a)?+T2 
where 
P, = (AH = 3 YJ) a (h) [8 (o — ay). (19) 


Finally, the following expression can be written for the width of the reson- 
ance line; 
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2hH = 2A, + 2AH, (atop + a202 +. Chery (20) 


where o,,a, and a, are the direction cosines of M relative to the £; axes, 


<E oC 9 Ni 2) 
2AH, == 4? eee eee sin 0; dx: (21) 
0 
2AH = 2408 pact) gio AB) pa 8 
= 2: elite Set el" 3 )k aa Hirt sin 0, d0%; (22) 
V8 
= ay aw (Da— Dz)Pc (1-9), 


These equations can be rewritten in the form 


_ 


ep) iD =D) 27 a 

OAH 3570 (1 —c) (5 | C2a ree (23) 
1 
ees (D,—D,\2 ay 

2AH, = 58% (1 — 0) (458) (48M) * 191, (6) + (alo: es 


the functions /,(o) and /2(c) differ from their counterparts in Ref.6 in that Mo is 
replaced by the magnetization M at the given temperature. 

The deduced o dependence of 2AH differs from the results of the calculations 
in Refs.2 and 6. The latter involve the spin-wave approximation, so that only 
Mo appears, and the final result essentially lacks any temperature dependence. 
Our analysis shows that these expressions cannot be extrapolated by the simple 
substitution of for Wo as was done in Ref.2. In the limit when o= l, i.e., 
at O°K, our equations reduce to those obtained in the spin-wave approximation.* 
There is qualitative agreement with the final result of Ref.4 only provided 
HAS 4 aM. 

In view of the fact that for many ferrites other mechanisms!1-13 come into 
play at low and high temperatures (near the Curie point), direct verification of 
the above deduced temperature dependence obviously presents great difficulties. 
The mechanism of line broadening near the Curie point1l2,13 is isotropic. There- 
fore, in order to verify the proposed theory it is expedient to investigate the 
temperature variation of the anisotropic part of the line width. 

I desire to express my gratitude to S.V.Tyablikov and A.G.Gurevich for their 
interest in the work; I must also thank P'u Fu-Chue for his help. 
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FERROMAGNETIC RESONANCE IN FERRITES IN STRONG ALTERNATING MAGNETIC FIELDS 
- A.G.Gurevich & S.S.Starobinets 


For the purpose of investigating some of the features of ferromagnetic 
resonance at high power levels we measured %ros » 24H and Hros in yttrium garnet 
single crystals in a wide range of magnetic field amplitudes. 


Fig.1. Diagram of set-up for measuring ferro- 


magnetic resonance at high power levels: 1) 


pulse magnetron, 2) ferrite rectifier, 3) pre- 


cision attenuator, 4) cavity with specimen, 
5) directional coupler, 6) 45-I power meter, 
7) crystal detector, 8) M-95 microammeter, 9) 
permanent magnet, 10) 26-I pulse generator. 


cavity with two coupling holes. 
ment by means of a piston. 


60 


Th, 0e 


Fig.2. Variation of the resonance absorption 

Xi. h® with the amplitude of the alternating 

field in an yttrium garnet single crystal. 

Constant field oriented in the [111] direc- 
tion. 


The cavity was tuned in the 
The precision attenuator located 
made it possible to carry out all measurements at a constant 


The measurements were 
carried out at a frequency of 
9375 Mc at room temperature and 
liquid nitrogen temperature and 
at different orientations of 
the constant external field in 
the (110) plane. The experi- 
mental set-up is diagramed in 
Fig.1. In order to avoid heat- 
ing of the specimen we used a 
pulse generator for the high 
frequency oscillations: duty 
factor 1/4000 or lower; pulse 
duration 0.5 microsec. The 
specimen in the form of a~0.5 
mn diameter sphere was mounted 
in the antinode of the magnetic 
field in the TE,,, rectangular 
process of measure- 
at the cavity input 
output power. The 
setting of the attenuator (attenua- 
tion) gave the power absorbed in 
the specimen and, consequently, the 
value of xX”, A similar method for 
measuring ferromagnetic resonance 
at high power levels was used earli- 
er in our work! and in the experi- 
ments of Weiss? and Green & Schl16- 
mann’, The advantages of this pro- 
cedure are that 1) the amplitude of 
the alternating magnetic field is 
the same at every point on the reso- 
nance curve, and 2) the measurement 
results do not depend on the charac- 
teristics of the crystal detector. 

Fig.2 shows typical curves 
characterizing the variation of the 
absorbed power at resonance (Xro sh?) 
with the amplitude of the alternat- 
ing field. It will be seen that 
after a small initial section with 
X%ros=const,, Which is quadratic in 
the given coordinates, the absorbed 
power depends linearly on h, but 
there are evinced several linear 


- 1372 - 


sections with different SLOPCE 
According to the theory of Suhl’, 
at sufficiently high field ampli- 


tudes, (ele . It follows from 


: h 
our results that Xros= a (1+ 32) 


where mand hy are constant quanti- 
ties for each linear section. It 
may be assumed! that this h depend- 
ence of 4,4, is explained by in- 
crease in the amplitude of the uni- 
form precession above the threshold 
of instability of the spin waves. 

Noteworthy is the significant 
increase of the resonance loss in 
strong alternating fields with de- 
crease of the temperature from 296 
to 77°K (Fig.2), despite the fact 
Fig.3. Variation of the resonance absorption that this decrease in temperature 
with the alternating field amplitude for leads to broadening of the reso- 
three crystallographic directions at 296°K. nance curve at low power levels. 

We assume that this is explained by 
the influence of the rare earth impurities, which, as is known? , becomes stronger 
with decrease in temperature. Earlier! we showed that increase in the rare earth 
impurity concentration also leads to growth of the resonance absorption in the 
range of high alternating fields. 

The variation of the absorbed power with / for three different crystallograph- 
ic directions is shown in Fig.3. Despite the fact that the anisotropy field, as 
we shall show below, virtually does not depend on h, the anisotropy of the reso- 
nance losses increases substantially with increase in amplitude of the alternating 
field. 

Fig.4 shows the variation of the resonance field Hro; with the angle 6 rela- 


Fig.4. Variation of the resonance field Hres with the orientation in the (110) 
plane at low and high power levels: a) at 296°K, b) at 77°K, 
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tive to the [oo1] direction in the (110) plane for low and high power levels. 
Here the horizontal scale is laid off in terms of the function 


a 5 15 
1 (8) = 7g + {00s 20 + = cos 46 


so that 


m7 (8) (1) 


Intersection of the line (1) with the vertical axis gives the value of the 


spectroscopic splitting factor g, while the slope of the line gives the aniso- 
tropy field. 


At room temperature (Fig.4,a) the g 
factor increases with increase of the 
power level. Weiss® found that with vari- 
ation of the power level and, consequent- 
ly, the spin temperature, the g factor be- 
haves in the same way as with variation 
of the lattice temperature. The variation 
of the g factor with the lattice tempera- 
ture for yttrium iron garnet was obtained 
by Dillon‘. Evaluation shows that the 
spin system must heat up several hundred 
degrees to explain the increase of the g 
factor from 2.005 to 2.011, observed in 
our experiment. 

At 779K (Fig.4,b) the splitting fac- 
Fig.5. Variation of 1 eer 2AH and tor does not depend on the power up to 
X%res’2A4H with the amplitude of the fields of the order of 3 oersted. This 
alternating magnetic field at 296°K, is in agreement with the independence of 
the g factor of the lattice temperature 


Apes 2AH, de Lee 24H 


in the vicinity of 77°K.7 

As will be evident from Fig.4, the value of | Ki |/M at room temperature does 
not depend on the power level, but at liquid nitrogen temperature decreases from 
118 oe at h= 0.4 to 112 oe at h= 3.0 oe. This result is obviously not consis- 
tent with the assumption that the anisotropy field depends identically on the 
spin and on the lattice temperature. 

Fig.5 shows the variation of ¥%,{, and 24H and of their product with the am- 
plitude of the alternating field. As is known, in weak alternating fields ete 
*24H = VM, where Mis the permanent magnetization. The noticeable decrease of 
%reg°*24H with increase in the field amplitude apparently indicates decrease of the 
magnetization as a result of increase in the amplitude of the spin waves. 
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EFFECT OF INDUCED ANISOTROPY ON FERROMAGNETIC RESONANCE 
-~ A.G.Gurevich, A.P.Safant'evskii, V.I.Solov'ev & E.S.Sher 


Induced anisotropy develops in some ferrites as a result of ion or electron 
diffusion.!~3 In polycrystalline specimens this anisotropy is uniaxial. When 
ion diffusion is responsible? »2, at room temperature there is observed quasi- 
stable anisotropy, the axis of which is oriented in the direction of the magnet- 
ic field applied during heat treatment. Anisotropy due to electronic processes 
does not "freeze" even at liquid nitrogen temperature: for several tens of sec- 
onds its axis at this temperature orients in the direction of the applied field. 
At room temperature this anisotropy is not observed. Electronic processes, simi- 
lar to those giving rise to induced anisotropy, have at this temperature a re- 
laxation time of the order of 107-5 sec and exert a substantial influence on the 


magnetic spectra‘. 
The purpose of the present work was to 


pf? investigate the influence of induced aniso- 
Tee tropy due to electronic processes on ferro- 


40 
magnetic resonance. The studies were carried 


out on polycrystalline specimens of yttrium 
garnet. 
The ferromagnetic resonance measurements 

were carried out in the temperature range from 

4.2 to 300°K at a wavelength of 3.2 cm. The 

measurement procedure in the 77 to 300°K tem- 
24H perature range was similar to that described 
in Ref.5. For measurements in the 4.2 to 
77°K temperature range the rectangular cavity 
with the specimen was immersed in liquid heli- 
um, and the temperature variation recorded 
after boiling out of the heliun. 

The resonance field Hres and the width 
of the resonance curve 2AH were determined 
from the reflection factor | I | versus magnet- 
ic field curves, which were recorded by means 
Fig.1. Variation of the reflection of an EPP-09 recording potentiometer. Two 
factor |I| of the cavity containing such curves are shown in Fig.l. The tempera- 
the ferrite specimen with the mag- ture dependences of Hyeg and 24H for several 
netic field. Undoped specimen Specimens are reproduced in Fig.2. It will 
sintered at 1450°. |I|,, - reflec- be evident from these curves that for speci- 
tion factor far from ferromagnetic mens (without Mn impurity) sintered at a high 


LIK, 300°K 


24 


02 


ee 
0 1000 2000 J000 H, Ve 


resonance. The levels at which temperature there obtains sharp increase of 
24H was determined were calculated 2AH with decrease of temperature. This growth 
according to Ref.6. of 24H in our case cannot be attributed to the 


influence of rare earth impurities ’ inasmuch 
as our initial yttrium oxide was ~99.995% pure. This growth also cannot be ex- 
plained by broadening of the resonance curves in polycrystalline specimens owing 
to the influence of anisotropy and porosity (our specimens had a density >95% 
the theoretical value). 

The reason for the broadening of the resonance curves for ferrites may be 
the presence of Fe2* ions. There are two mechanisms capable of explaining the 
influence of Fe2+ ions. The first mechanism8 links the additional source of re- 
laxation with electron transitions between Fe2+ and Fe3+ ions. According to the 
second mechanism? , the Fe2t ions, which have a very high paramagnetic relaxation 
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x 1450 °C 


4 1380 °C 
© 1200°C 
(42% Cu) 


© 1450°C 
{41% Mn) 


300 

7, °K 
Fig.2. Temperature dependences of Hyes and 24H for 
specimens sintered at different temperatures and 
specimens doped with Cu and Mn. (The impurity con- 
centrations are indicated in percent by weight.) 


frequency, like rare earth 
ions’, transfer energy from 
the lattice spin system. 

Both mechanisms should yield 

a low temperature maximum of 
24H, which is actually evinced 
in the experimental curves 
(Fig.2). The theory based on 
the first mechanism® does not 
allow of determining the width 
of this peak. The width of 
the peak evaluated on the ba- 
sis of the second mechanism’ 
proves to be much smaller than 
the experimental value. Thus, 
for example, in the case of 
the specimen sintered at 1450° 
the content of Fe2* amounted 
to 0.35% by weight* and the 
calculated value of 2AH was 
~100 Oe. The experimental 
value for the same specimen 

is greater than 2000 Oe (see 
Fig.2). 

Thus the actual mechanism 
responsible for the broadening 
of the resonance peaks of the 
investigated specimens with 
decrease in temperature remains 
obscure. But, as will be shown 
below, this broadening is un- 
doubtedly connected with the 
presence of Fe2t ions. 


As will be evident from Fig.2, simultaneously with increase of 24H with de- 
crease of temperature, there occurs a marked decrease of Hyes. For example, for 
the above mentioned specimen this decrease SH,., (referred to o/y) amounts to 


2200 Oe (at 77°K). 


The decrease in the value of the resonance field may, in general, be caused 


by one or more of the following factors: 


1. The general dependence of the resonance frequency on attenuation (see, 


for example, Ref.10), which leads to the expression 


Hres = V2. - (An)2, 


(1) 


where Hyes, is the resonance field in the absence of attenuation. In our case 
for the above mentioned specimen at 77°K Hyes, - Hres ¥ 40 Oe. 
2. Displacement of the resonance absorption peak in a polycrystalline speci- 


men as a result of averaging over the grains. This 


shift is of the order of mag- 


nitude of K;/m.19 In our case at 77°K this shift equaled ~120 Oe. 


*The chemical analyses were carried out by N.N. 


opportunity to thank. 


Parfenova, whom we take this 
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3, Shift of the absorption peak 
Hpes,0@ 2AM, Oe due to porosity, which according to 
iN Ref.10 equals 2xMp, where p is the 
so00}— relative porosity. In our case this 
shift could not exceed 60 Oe. 

4. The presence of an effective 
induced anisotropy field. This field 
Hj.an, neglecting the above enumer- 
ated sources of decrease of Hye,g, can 


2000 GC Sefore annea' be evaluated as 
x SO ber 
© 130 br 4 Hi .an = oe - Hres (2) 


Inasmuch as the first three fac- 
tors can explain only a small frac- 
tion of the observed decrease of Hy... 
at low temperatures, this decrease 
must be due mainly to induced aniso- 
tropy. 

The induced anisotropy in this 
a case is connected with the presence 
0 100 200 500 of Fe2t ions. It is known »11 that 
the number of Fe2* ions decreases 
Fig.3. Effect of annealing in an atmosphere with reduction of the sintering tem- 
O52 on Hres and 24H. The undoped specimen perature, and, as will be evident 


sintered at 1450° was annealed in O09 at from Fig.2, this decrease is accom- 
1000° for 50 hours and then for a further panied by a substantial decrease of 
80 hours. Hres. We note that a fairly high 


density at low sintering temperatures 
can be obtained through the addition of a small amount of Cu. 

By preparing polycrystalline specimens of yttrium garnet with small amounts 
of Mn one can obtain*?,®,11 electric and magnetic properties characteristics of 
specimens with few or no Fe2* ions even at high sintering temperatures. It will 
be evident from Fig.2 that the addition of 1% Mn by weight virtually eliminates 
induced anisotropy as well as the broadening of the curves at low temperatures 
due to the presence of Fe2+ ions. The number of Fe2+ ions can be reduced4;11 py 
prolonged heating in an atmosphere of oxygen. This results in reduction of the 
induced anisotropy and 2AH at low temperatures (Fig.3). 

Thus all our experimental data substantiate the inference that the induced 
anisotropy in polycrystalline yttrium garnet is due to the presence of Fe** ions. 

In order to determine how the induced anisotropy becomes established with 
time, we recorded the time variation of the reflection factor |I| in the case of 
rapid (~0.1 sec) 90° rotations of the specimen in a constant field ao. 

At temperatures above about 130°K no change of |[{ was noted. At lower tem- 
peratures there are obtained time characteristics similar to those shown in Fig. 
4: upon rotation of the specimen ir] changes abruptly and then slowly returns to 
its initial value. 

The Ho dependence of the sign and amplitude of the reflection factor jumps 
can be qualitatively explained if it is assumed that at the first instant after 
rotation the induce anisotropy is not fully established and the resonance curve 
is shifted a distance He to the side of higher fields relative to the position of 
the static curve at the given temperature (Fig.1). Assuming that this small 
shift of the curve occurs without change in its shape we can, on the basis of the 
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Fig.4. Time dependences of the reflection factor 

IT| with rotation of the specimen by 90°. The 

figure at the curves are the values of the con- 

stant magnetic field Hj. Temperature 77°K. Un- 

doped specimen sintered at 1450°. The static 

IT| versus H curves for this specimen are shown 
in Fig.l. 


magnitude of the jumps, evalu- 
ate He. The values of He deter- 
mined in this manner proved to 
be 350 Oe at 77°K and 200 Oe at 
90°K. These values are sub- 
stantially smaller than the 
values of w/y - Hreg ¥ Hi.an 
for the same specimen at the 
corresponding temperatures. 
From this it follows that in 
addition to the temporal pro- 
cesses that we observe after 
rotation of the specimen, 

there also occur other proces- 
ses with time constants appre- 
ciably shorter than the rota- 
tion time; as a result of these 
processes there is established 
a major part of the induced 
anisotropy field. 

The observed temporal pro- 
cesses, as will be evident from 
Fig.5, are not characterized by 
a single time constant. If one 
approximates the initial sec- 
tions of the curves shown in Fig. 


5 by exponential plots, there are obtain- 


fst 17? 
/ ne st 7 Te 


Fig.5 


ed the temperature dependences for the 
time constants shown in Fig.6. These are 
characterized by an activation energy of 


Fig.6 
Fig.5. Time dependences of the reflection factor upon rotation of the specimen 
for different temperatures. Undoped specimen sintered at 1450° after annealing 
in 02. IIlgte - steady state value of {I|. 
Fig.6. Temperature dependences of the time constants. The time con- 
stants T were determined from the initial sections of the time charac- 


teristics TH 1 - same specimen as in Fig.4; 2 - same specimen as 
[oe) 


in Fig.5. 
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~0.05 eV. Approximating the last sections of 
the curves in Fig.5 by exponentials, we obtain 
appreciably larger values of the time constants 


2 ee 
Mee Flee - values of the order of tens of seconds at 77°K 
- and an activation energy of the same order of 
ol magnitude as for the initial sections. 
. At 4.2°K upon rotation of specimens with a 


large induced anisotropy we observed time char- 
acteristics analogous to those shown in Fig.4, 
ay : put with smaller amplitude and a time constant 
of 1-2 sec. Clearly, these characteristics can 
be connected only with processes that at 779K 
0 proceed very rapidly, while the processes re- 
1000 2000 J000 sponsible for the evident establishment of 
pes, Oe anisotropy (see Figs.4 & 5) are completely 
Fig.7. Variation of the reflec- "frozen" at 4.2°K. 
tion factor |I|) in the absence Thus the time characteristics of the in- 
of a constant field, which char- duced anisotropy in yttrium garnet are due to 
acterizes the initial loss, as superposition of processes with different time 
a function of the resonance constants and activation energies of the order 
field for a number of specimens. of 0.05 eV. This value of the activation energy 
Temperature 77°K; d = specimen is substantially lower than the value of 0.375 
diameter. The circled points eV obtained by Smolenskii et a4 for electronic 
correspond to the same specimen processes accompanying domain wall motion. These 
before and after annealing in processes, apparently, differ substantially from 
oxygen (Fig.3). the processes responsible for induced meee 
although all are apparently associated with Fe 
ions. In the case of displacement of domain walls, there occurs diffusion of 
electrons from one iron ion to another*. In our case, with change in the direc- 
tion of the magnetic field there apparently occurs deformation of the electron 
cloud of the Fe2t ions. Naturally, this deformation requires a lower activation 
energy. 

The role of the external field consists, of course, only in changing the 
direction of the magnetization. From this it follows that in the absence of an 
external field there obtains induced anisotropy within each domain. This is sub- 
stantiated by the appearance of initial losses (intrinsic ferromagnetic resonance) 
connected with this anisotropy. 

As is known, the initial loss boundary is determined by the condition 


@ 
a = 45M + Han. (3) 


Comparing this relation with Eq.(2), we see that the boundary value of Hres 
at which initial losses appear equals 


Hres.bound. = 47M. (4) 


a ee will a pen from Fig.7, initial losses at 77°K appear at Hyes < 2400 
» 1.e., at Hi.an > 800 Oe, which is in satisfacto reement w 
evaluation (4;M = 2300 G at 77°K). rule pan ay 

We note that the induced anisotropy due to electronic 
processes may be evin- 
ced in ferromagnetic resonance in single crystals as well. This apoerennie occur- 
red in the work of Dillonl2, In polycrystalline ferrites, in particular in yttri- 
um garnet, as follows from the above described experimental results, the effect 
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of induced anisotropy can be substantial at low temperatures. 


We desire to express our gratitude to G.A.Smolenskii and Ya.M.Ksendzov for 
helpful discussions. 
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EXPERIMENTAL INVESTIGATION OF THE EFFECTS IN YTTRIUM FERRITE SINGLE CRYSTALS, 
ASSOCIATED WITH NUTATIONAL OSCILLATIONS OF THE MAGNET IZATION 
OF THE MATERIAL UNDER CONDITIONS OF FERROMAGNETIC RESONANCE 
- V.A.Fabrikov, V.I.Kozlov, V.T.Kadeev & V.D. Kudryavtsev 


Introduction 


In the present work we investigated certain effects connected with the non- 
linear gyromagnetic properties of ferrites at high frequencies; the experiments 
were performed on yttrium garnet single crystals. 

Under the influence of a transverse high frequency magnetic field there is 
established in a magnetized ferrite specimen precession of the magnetic moments!, 
If the high frequency field is circularly polarized, the precession occurs with 
a constant frequency and at a fixed angle relative to the direction of the field. 
Nonlinear gyromagnetic properties of ferrites are evinced in the case of simul- 
taneous action on the ferrite specimen of two or more electromagnetic signals of 
different frequency (or different polarization). Each of the signals affects the 
parameters of the medium as far as the other signals are concerned. In the first 
approximation, all the linear gyromagnetic effects in ferrites can be divided in- 
to two groups: the first group is connected with frequency modulation (periodic 
disturbance) of the precessional motion estab- 
lished in the material; the second group is con- 
nected with modulation in angle. 

The effects investigated in the present 
study are of the second type. They are connect- 
Hy=Hyt hq cos Qt ed with the appearance in the ferrite specimen 
of nutational oscillations of the magnetization, 
i.e., oscillations of the precession angle. In 
other words, we investigated the interaction 
with the ferrite specimen of two electromagnetic 
Signals, namely, a high frequency (10 000 Mc) 
wave with transverse (relative to the magnetiza- 
tion of the material) polarization of the mag- 
netic field and a low frequency signal (0.5 to 
8 Mc) with longitudinal polarization. The rela- 
tive orientation of the magnetic fields is shown 
in Fig.l. The z axis in Fig.1 agrees with the 
direction of the constant magnetic field Hy» and 
the permanent magnetization //,) of the material. 

The theory of the effects under considera- 
tion has been set forth in Refs.2,3 & 4. Here 
we shall mention only some of the general physi- 
Fig.1. Orientation of the inter- cal concepts involved. 
acting magnetic fields involved 


in the experiment. General physical concepts 


The variation of the precession angle with the magnitude of the applied con- 
stant magnetizing field has a resonance character, i.e., is characterized by a 
resonance type curve such as that shown in normalized form in Fig.2. Here the 
horizontal scale is laid off in values of the precession angle in relative units. 

It will be evident from Fig.2 that the periodic variation of the magnetizing 
field must lead to periodic variation of the precession angle @ and, consequent- 
ly, to variation of the magnetization of the material in the direction of this 
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ir min l on 2iteS Appa: 


4H Fig.3. Complex magnetic suscep- 
Fig.2. Diagram illustrating the phase rela- tibility Xo of magnetized fer- 
tionship between the variation of the mag- rite material relative to a low 
netizing field H, and the precession angle frequency modulating field h, 
6 of the magnetic moments in the material. as a function of the constant 


applied magnetizing field H,. 


field: MW, —WM cos @. The variation of the field and magnetization occurs in phase 
or antiphase, depending on whether the magnetizing field is greater or smaller 
than the corresponding resonance value. Strictly speaking, however, the above is 
valid only for relatively slow changes of the magnetizing field. Under dynamic 
conditions in the presence of magnetic losses the actual changes in magnetization 
will lag a certain angle 8 behind the changes of the corresponding "equilibrium" 
values. 

In the inserts in Fig.2 we show in the complex plane the relation between 
the field oscillation vector h,=H,—H,, the magnetization oscillation vector 
m,—= M,—M, and the time derivative of the magnetization dm,/dt in the direction 
of the z axis. The magnetization derivative is of interest in that it enters in- 


to the expression for the mean power; 
aq: 


dm Oho 
= | ee Geat = 204, (a) 
0 
absorbed (or generated) by the specimen at the frequency © of the modulating field 
h, The direction of energy transfer (given by the sign of P) depends on the 
phase relationships between the oscillations of the "force" /, and the "velocity" 
dm,/at © It will be evident from Fig.2 that if the value of the magnetizing field 
is greater than the resonance value, the phase angle between the field and the 
derivative of the magnetization will be less than 90°, while if the value of the 
magnetic field is smaller than the resonance value, the phase angle will exceed 
90°. This means that in the case of variation of the magnetizing field about the 
resonance value the imaginary part of the low frequency susceptibility %, of the 
ferromagnetic material changes sign. At the same time the direction of the ener- 
gy flux between the field h, and the precessing moment also changes direction. 
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At negative values of %, the energy of the field hk, is no longer absorbed, but 


"t * 
"amplified" by the medium. ; 
ss aes above erpaiead reasoning is substantiated by analysis of the correspond 


ing equations of motion.2»° The variation of the low frequency grep ieia tin 

of a ferrite specimen exposed to the simultaneous influence of a high soodie fi 
signal as a function of the magnetizing field is shown in Fig.3. On the mise 2 
tion that the absolute magnitude of the magnetic moment Mis invariable, this de 
pendence is described by an expression of the form 


Mh? x { +x? — y? — 2iy (2) 
(AH) THe (Fey + ay? 


here h, is the amplitude of the circularly polarized high frequency field, AH = 
= 1/7T, is the half-width of the ferromagnetic resonance peak for the material, 


a 


vy = 2.8 Mc Oe~1! is the electron spin gyromagnetic ratio, x and y are dimension- 


Ayes =— HH 


at and y=Q7,, and X’ and X” are the real 


less parameters defined by += 
and imaginary parts of the magnetic susceptibility. The curves in Fig.3 are 
plotted for the case when the frequency of the modulating field = 2n/ equals the 
relaxation frequency 1/7, in the material. This is the case when one can expect 
the greatest interaction of the two signals. 

The reproduced curves were calculated on the assumption that the amplitude 
of the modulating field is small compared with the half-width of the resonance 
peak. With increase in the amplitude of the modulating field there must be ob- 
served a certain "saturation" effect connected with decrease in the intensity of 
the ferromagnetic resonance line. This effect is also susceptible of quantita- 
tive analysis4 and experimental verification. 


Experimental procedure and results 


The experiments were carried out on yttrium ferrite single crystal specimens 
with a ferromagnetic resonance line width of 1-2 Oe. The experimental specimen 
in the form of a sphere 0.5 to 1 mm in diameter was cemented in position at the 
center of a coil consisting of several turns and connected into the low frequen- 
cy (0.5 to 10 Mc) resonance circuit supplied from a standard signal oscillator. 
The coil with the specimen was introduced into a section of rectangular wave guide 
coupled to a Klystron generator. 

The parameters of the test circuit were periodically varied under the influ- 
ence of a high frequency signal (wavelength 3 cm). To observe these changes the 
voltage from the inductance of the circuit was applied through an appropriate de- 
tecting and amplifying circuit to an indicator or an oscillograph. In some cases 
the low frequency part of the circuit was replaced by a standard set-up for ob- 
serving the susceptibility in nuclear resonance (IMI-2). In this case the "probe" 
was the coil with the ferrite specimen exposed to the microwave field. On the 
screen of the oscillograph in this case there was observed a curve characterizing 
the law of modulation of the losses introduced by the ferrite specimen into the 
generator circuit under the influence of the microwave Signal. An oscillogram 
characterizing the variation of the loss as a function of the constant magnetic 
field is shown in Fig.4; it will be seen that it closely duplicates the curves 
in Fig.3. The magnitude of the effect depends linearly on the power of the micro- 
wave signal. 


*At a sufficiently high value of x, the system may go over to "generation" 
of energy. 
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In Fig.5 we show the dependence of the effect 
on the frequency f and the amplitude /» of the 
modulating field. The experimental and theoretical 
curves shown in these figures can be compared only 
to within a proportionality factor, inasmuch as the 
experimental curves were recorded in relative units 
and were superimposed on the theoretical curves by 
matching two points. Under the influence of the 
modulating field the ferromagnetic resonance peak 
broadens and changes shape. This explains the de- 
pendence of the effect on the value of /,. 


Fig.4. Oscillogram charac- 


terizing the variation of Conclusions 
Xq Of a ferrite specimen, 
under the influence of a The described experimental results are in agree- 


high frequency field, in the ment with the theoretical inferences drawn in Refs. 
case of slow sinusoidal var- 2,3 & 4. The investigated effect is of interest in 


iation of the magnetizing two respects: first, it is observed at relatively 
field H,) about the resonance low power levels of the applied high-frequency field 
value. (of the order of a milliwatt or even a fraction of 


a milliwatt at a wavelength of 3 cm), and, second, 
it is due to relaxation processes and its character- 
istics are intimately related with the relaxation 
characteristics of the material. The effect can be 
utilized for investigating the processes of relaxa- 
tion in ferrite materials with a narrow resonance 
absorption line and should prove useful for deter- 
mining the corresponding parameters. 

We desire to thank K.M.Polivanov for his inter- 
est in the work. 
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MAGNETIC AND RESONANCE PROPERTIES OF YTTRIUM-IRON GARNET 


af 
WITH THE yt3+ IONS REPLACED BY Tb3*, Nd3*+ AND Lu3* IONS 
- K.P.Belov & L.A.Malevskaya 


The standpoint of the theory of ferromagnetism rare earth and particularly 
yttrium-iron garnets are of interest in view of their complex magnetic sublattice 
structure. For the purpose of elucidating the influence of this structure on the 
magnetic properties of ferrites we investigated the magnetic and resonance charac- 
teristics of yttrium-iron garnet in which the yttrium ions were partially or com- 
pletely replaced by terbium, neodymium or lutetium ions. 

1. The yttrium sublattice in yttrium-iron garnet is nonmagnetic. It is of 
interest to follow the gradual "involvement" in the resultant spontaneous magnet- 
ization of the ferrite by successive partial replacement of the nonmagnetic Yt 
ions (ionic radius 1.06 A) by magnetic Tb3t ions (ionic radius 1.09 A). The re- 
sultant magnetization at O°K can be calculated by means of N6éel's theory. Ac- 
cording to Néel's model, with increase of the Tb content the magnetization should 


decrease, and this is borne out by experiment. 
Iron-garnets described by the 


i formula (3 - x) Y¥tg03°xTb903-5Fe903 
in the range of small x exhibit an 
anomalous temperature variation of 
the spontaneous magnetization (Fig. 
1, curves 1 and 2) in the range of 
low temperatures (type M according 
to Néel's classification). With 
increase of the terbium content 
(to x = 0.8) there appears in the 
spontaneous magnetization versus 

| temperature curve a compensation 
500 700 as + «point in the region of liquid heli- 


10 


0 100 200 

7,°x um temperatures (10°K) (curve 3). 
Fig.1. Temperature dependence of the spon- (The compensation point is the tem- 
taneous magnetization of mixed garnets: 1) perature at which the magnetization 
2.9Yt203°0.1Tb903°5Feo03, 2) 2.7Yt 203° goes through zero and changes). Ac- 
°0.3Tb203°5Fe203, 3) 2.2¥t203°0.8Tb203° cording to Néel's model, the com- 
*SFe903, 4) 2Yt203°Tb203° SFeo03. pensation point of this ferrite 


should be observed in the vicinity 
of 0°K. A ~10° shift may be explained by the influence of other rare earth ions 
present as impurities. With further increase of the Tb content (x = 1) the con- 
pensation point is shifted to still higher temperatures (70°K) (curve 4). More- 
over, with increase in the Tb content in the ferrite there is observed strong 
growth of the coercive force Hg in the region of low temperatures. Whereas at 
room temperature H, in all Yt-Tb ferrites is of the order of 10 Oe, at liquid 
helium temperature H, increases to 1000 Oe or higher. One can hardly explain 
this great increase of Ho by increase of the magnetic anisotropy owing to the 
introduction of the Tb ions. The reason for the noted increase of H » in our 
opinion, is closeness of the compensation point. According to the studies of 
Ref.2, upon approach to the compensation point, owing to strong decrease of the 
magnetization, there are created in ferrites conditions for the appearance of 
magnetic inhomogeneities (a magnetically heterogeneous state) which hinder the 
processes of magnetization reversal and lead to increase of Hc. In investigating 
the temperature dependence of ferromagnetic resonance in yttrium-iron garnet 
there was observed a strong increase in the absorption linewidth in the tempera- 
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Oo. LLg «-Fig.2. Variation of the magnetization so, at 4.2°K 

iA as a function of the Nd content in yttrium-iron 
garnet: 1) curve calculated on the assumption of 
coexistence of two ferrites (see Ref.7), 2) experi- 
mental curve, 3) curve calculated according to Néel. 


ture interval from 4 to 60°K. Theoretical calculations? 
substantiated by experiment4, showed that in the region ; 
of low temperatures the resonance linewidth AH has a 
maximum upon introduction into the ferrites of minor 
amounts of Tb. 

As experiment showed, with increase of the Tb con- 
centration the low temperature anomaly of the linewidth 
is extended over the temperature scale and in the region of very low temperatures 
(2°K) there is observed no decrease in the linewidth AH. This smearing out of 
the low temperature anomaly of AH in the temperature scale in ferrites with a 
relatively high content of Tb can, in our opinion, be explained by the fact that 
at low temperatures broadening of the resonance line is produced not only by the 
Kittel-Dillon mechanism but also by the presence of a magnetically heterogeneous 
state owing to closeness to the compensation point. 

2. Bertaut & Forrat®, who carried out a thorough investigation of iron-gar- 
nets, indicated that the existence of garnets having the formula 3A4203°5Bo903 is 
possible provided the ionic radius ratio 7,/r3 does not exceed a certain critical 
value @. This value, calculated for the ionic radii given by Goldschmidt, proved 
to be 1.70 for iron-garnets. The rare earth element neodymium, the trivalent ion 
of which has a large ionic radius (1.15 A) does not satisfy this requirement, and, 
as has been established experimentally, does not form the garnet structure. How- 
ever, if in yttrium-iron garnet 3Yt203°5Fe903 the yt3t ions are partially replaced 
by NaSt ions, it is found that the garnet structure persists up to the composition 
Yt903° 2Nd203° 5Fe903. 

We prepared polycrystalline ferrites with the general formula (3 - x)Yt903° 
*xNd903°5Fe203. Debye patterns recorded for these ferrite shows that up to x= 
= 2 these ferrites have the garnet structure. The lattice constants of the mixed 
Yt-Nd garnets increases with increase of the Nd content from 12.37 A for 3Yt903° 
*5Fe203 to 12.50 A for Yt203°2Nd203°5Fe903. With complete replacement of the yt3* 
ions by Nd%+ there was obtained a specimen with a perovskite-like structure, de- 
scribed by the formula NdFe903 and having a lattice period of 3.88 A. No other 
phases in these mixed garnets were disclosed by x-ray diffraction analysis. 

According to Néel the magnetic moment of ferrites with the garnet structure 
at absolute zero can be calculated by means of the formula 


6, = [65, — (664 — 46,)], 


where 0,, 6, and o, are, respectively, the magnetic moments of the sublattices of 
the rare earth and iron ions located at the c, d and @ sites. The trivalent neo- 
dymium ions, which have a magnetic moment equal to 3up, occupying the c sites in 
the sublattice, should lead to the appearance of anomalous magnetization curves 
similar to those observed for mixed Yt-Tb ferrites (Fig.1). Actually, however, 
the spontaneous magnetization versus temperature curves for Yt-Nd ferrites have 
the ordinary appearance characteristic of yttrium ferrite and do not exhibit com- 
pensation points. In the investigated ferrites the measured values of the satura- 
tion magnetization in the vicinity of absolute zero diverged from the values cal- 
culated according to Néel (Fig.2). This divergence can be explained if it is 
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«-Fig.3. Tails on the spontaneous magnetization versus 
temperature curves in the vicinity of the Curie 
point: 1) 3Ytg03°5Feg03, 2) 3Lug03°5Feg03. 3) 

2. 5Yt203°0. 5Lu903°5Feg03, 4) 1.5Ytg03°1.5Lu,0.° 
*SFe903. 


AH, Oe 


094 (a / 6 


550 450 558 F, °K 


Fig.4. Temperature dependence of the resonance 

linewidth for ferrites: 1) 2Yt90,3°5Fe903, 2) 

2.5 Yto03°0.5Lu903°5Fe903, 3) 1.5Yt903°1.5Lu903° 
*SFe903, 4) 3Lug03° SFeo03. 


assumed that in these ferrites the magnetic moments of the Nd3+ ions entering in- 
to the c sublattice do not produce ferromagnetic order in this sublattice, inas- 
much as the exchange interaction is inadequate for such ordering. It is also pos- 
sible that there arises in this sublattice antiferromagnetic ordering of the mag- 
netic moments of the Nd ions. As a result of this, the properties of mixed Yt- 

Nd ferrites, like those of pure yttrium-iron garnet, are determined only by the 
Fe3* ions (also see Refs.7 & 8). 

3. We also investigated a number of mixed Yt-Lu ferrites. It is known that 
Lu ions (ionic radius 0.99 A) do not have a magnetic moment. Hence we did not 
expect to observe an appreciable change in the magnetic properties as a result 
of introduction of lutetium ions. Actually, in ferrites described by the formula 
(3 - x)-Y¥t203°xLug03°5Fe903 little change in the magnetic moment is observed with 
increase of x. There is observed a minor (<10°) decrease of the Curie tempera- 
ture, which is probably connected with change in the lattice parameter. Replace- 
ment of the Yt ions by Lu ions, which have a smaller radius, leads to the appear- 
ance in the mixed ferrite of structural inhomogeneities, which in turn give rise 
to magnetic inhomogeneities. The development of these inhomogeneities is respon- 
sible for the appearance of tails on the spontaneous magnetization versus tempera- 
ture curves (Fig.3, curves 3 & 4) and significant increase of the resonance line- 
width AH in the vicinity of the Curie point (Fig.4, curves 2 & 3). In the case 
of the "pure" ferrites 3Yt903°S5Feo03 and 3Lug03°SFe903 the increase in linewidth 
is insignificant (Fig.4, curves 1 & 4). A discussion of the influence of struc- 
tural and magnetic inhomogeneities on the ferromagnetic linewidth in the region 
of the Curie temperature will be found in Ref.6. 

4. In investigating the magnetic properties of yttrium ferrites with re- 
placement of the Yt ions by Tb and Nd ions we observed the phenomenon of magnet- 
ic viscosity at low temperatures. In the case of mixed Yt-Tb ferrites it was 
established that in the temperature interval from 4 to 60°K, upon the application 
of a weak (~10 Oe) magnetic field, the net magnetization is established not im- 
mediately but only after the passage of 5-10 min, i.e., there obtains in these 
ferrites an appreciable magnetic viscosity in the indicated temperature range. 

In contrast, virtually no magnetic viscosity was detected in yttrium ferrite 
prepared of purified (99.99% pure) yttrium oxide. 
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In the Yt-Nd mixed ferrite system magnetic viscosity is evinced in strong 
/fields (4000 Oe). When the ferrites 2¥t203°Nd203°6F e903, 1.5Ytg03°1.5Nd903°5Fe03 
and Y¥tQ03°2Nd903°5Feo03 are cooled down to 4.3°K the hysteresis loops fail to 
close. The appearance of open hysteresis loops is connected with the influence 
of magnetic viscosity. Upon reversal of the applied magnetic field the specimen 
does not have time to reverse and hence the value of the saturation magnetization 
evaluated from the lower branch of the loop is an underestimate. Upon passage of 
a certain time (30 to 40 min) the hysteresis loop closes. The hysteresis loops 
become rectangular in character; moreover, in the region of residual magnetiza- 
tion there are evident "steps", i.e., the value of the magnetization does not 
change with increase of the magnetizing field. The greatest width of the step 
(400 Oe) is observed in the case of 1.5Yt203°1.5Nd903°5Feo903 ferrite. One cannot 
explain the appearance of the ‘'steps'' by magnetic viscosity, inasmuch as with the 
passage of time the width of the "steps" does not change. 

Strong magnetic viscosity in the region of helium temperatures was also ob- 
served in the mixed Yt-Lu ferrites. This viscosity is probably due to purely 
structural factors, inasmuch as Lu ions, like Yt ions, have no magnetic moment. 


Moscow State University 
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EFFECT OF THE BOUNDARY CONDITION FOR THE MAGNETIC MOMENT ON 


SPIN-WAVE RESONANCE IN METALS ‘ 
- M.I.Kaganov & Yu Liu 


It is known! that the high frequency characteristics of ferromagnetic dielec- 
trics are not sensitive to exchange effects. In metals, if the effective nernon 
bility is large and the anisotropy energy small, the "exchange term in the Landau- 
Lifshits equation becomes comparable to or even greater than the Zeeman term, Ow- 
ing to significant homogeneity of the magnetic moment in the skin layer. Exchange 
shift of the resonance frequency and broadening of the resonance line were observ- 
ed experimentally by Rado & Wertman? »3, They called the fernomesnet¢ resonance 
observed under these conditions "spin-wave resonance . Ament & Rado elaborated 
the macroscopic theory of this effect by simultaneous solution of Maxwell's equa- 
tions and the Landau-Lifshits equation. 

Taking into account exchange effects, i.e., spatial dispersion of the mag- 
netic susceptibility, makes it necessary to formulate the boundary condition for 
the magnetic moment. Ament & Rado arrived at the boundary condition 0m/dn= 0, 
which corresponds to predominance of exchange interaction. Kittel used the con- 
dition m= 0 at the boundary for considering standing spin-wave resonance in a 
film. This corresponds to predominance of surface anisotropy energy. Apparently, 
there actually obtains the more general boundary condition 


ott am =0 (1) 


here a is a parameter characterizing the quality of the surface. 

Comparison of theory with experiment3>4 showed that the theory satisfactori- 
ly describes the line shape at room temperatures, but that the value of the ex- 
change factor obtained from experiments is appreciably higher than the values 
following from other experiments (spin-wave resonance experiments yield 4 = 2.88: 
"1076 erg/cm at a frequency of 3°109 cps and A = 3.8°1076 erg/cm at a frequency 
of 4-1079 cps, whereas measurements of the temperature dependence of the magnet- 
ization® yield A = (1 + 0.2)-°10-9 erg/cm). The physical justification of the 
frequency dependence of the microscopic characteristic A deduced by Ament & Rado# 
is obscure. 

It must be noted that the above mentioned comparison? ,4 was carried out on 
the assumption that at the boundary omfon = 0. Consideration of the other limit- 
ing case (m= 0 at the boundary) showed that the theoretical formulas in this 
case fail to describe the line shape. 

The purpose of the present communication is to show that by appropriate 
choice of the values of a(a-~0 and a+ oo) one can satisfactorily describe the 
experimental results (for example, those of Ref.2) with one value of the exchange 
integral taken from magnetic measurements. 

Earlier one of us’ showed that the spin-wave resonance excitation curve is 
extremely sensitive to the boundary condition; moreover, experiments indicate 
that in the case of films the parameter a is large. 

We calculate the surface impedance using the general boundary condition (1) 
and investigate its dependence on the parameter a. We restrict our consideration 
to normal skin effect. 

The problem is solved by the same method as employed in the work of Ament & 
Rado; for convenience we shall also utilize their notation. If it is assumed that 
m, h and e are proportional to exp (iwt — ky), then by combined solution of the 


Landau-Lifshits equation and Maxwell's equations one can readily obtain the ap- 
proximate dispersion equation 
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K* — K4 — (yn — Q? + iQL) K* — 2ix? = 0, ey 
where 


Zz a) x A 
ry ee - OQ= SO pee yes . 
0 40M , 4nM Mix” < 20M282 
K = kxo; 6 = c/V 2nsa; 

y is the gyromagnetic ratio, Ais the exchange factor (exchange stiffness con- 
stant), and X is the relaxation constant. 

In deducing Eq.(2) it was assumed that under conditions of spin-wave reson- 
ance all the parameters entering into this equation are appreciably smaller than 
unity: 92°, LQ,%—10- . The approximate solution of Eq.(2) is of the form 


72: 1 : 1/ 
Ky 2 = x{(n — Q? + 1QL) + [(n — Q? + iQL)? — 8ix?]"3, (3) 
Ke =) Rone 0. 


The conditions of continuity of e, and h, at the boundary and condition (1) 
can be written in the following form 
hase + Vian + lhe = Rox, 
Kahix — 1s -- Kish —— AN rc, (4) 
Ki (A, + 8 Vx) Iyx + K3 (K, + B V x) Pox + K3 (Ks + B Vx) hsx = 0, 
(Ki + BV x) [(Ki — ) Ki + 2in?] tye + (Ke + BV») [(K2 — 1) K24 
+ 2in?] lox + (Ks + BV) [(K3— 0) K3 + 2ix?] ge = 0, 

where 


Whi = —- Zz B = dV xa. (5) 


From the condition of existence of a nontrivial solution of the set (4) we 
find with the same accuracy 


7 — Ki Ke (Ki + K2+8 Vx) (6) 
Ko + Kika + K+ B Vx (Ki + Ks)’ 
inserting K, and K, from (4), we obtain 
gf = “+i (Vn OF Fie Fee CF) + RVR 
n—Q+i QL +x (1 +i) +B Vx Vrr—Q24iQL+ 2x (1+Fi) | 
The real part of the impedance is positive for any arbitrary value of B, if 


it is assumed that /x>0 and ReVy— 2? + iQL + 2x(1 +7) (this corresponds to the 
condition ReK,,>0). 


Following Ament & Rado®, we introduce the effective dielectric constant: 


(7) 


4nis 
Ee — are . 


then 
Tes eee (8) 
Cot 
here U.¢ = '1— iv. , in accord with Eqs. (5), (7) and (8), is defined as follows: 


eel Gm pee ees: yy irurs |, (9) 


ee 
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where N = = (n—2 + % + iQL). 


If 6 = 0, i.e., or as 0 at the boundary, we have 
y 


N+14+2i , (10) 


mh miesn 


while if B = 00, i.e., m=O at y = 0, we obtain 


4 
Mert = WELD (11) 

Equations (10) and (11) agree with the results given in Ref.3. Setting Le 
= 0, i.e., neglecting the influence of relaxation as compared with exchange ef- 
fects, we have shown the relation between pt, and [, at different values of B in 
the accompanying figure. It is found that by varying B one can describe the ex- 
perimental data for values of 4 consistent with the results of other experiments. 
The values of B (or «) appear to depend on the strength of the resonance field. 

As will be evident from the figure, the experi- 
mental results (these have been taken from Ref.3) can 
be described assuming that A = 1.2-10-6 erg/cm* and 
that B varies in the range from 0.4 to 1.0, depending 
on the strength of the external magnetic field and the 
frequency (each point in the figure corresponds to a 
certain value of the magnetic field). 

We note that the value B Y¥ 1 signifies that ex- 
change interaction and surface anisotropy at the bound- 
ary play approximately equal roles. 

It must be pointed out that inasmuch as the im- 
pedance is highly sensitive to the boundary condition 
for the magnetic moment (actually two parameters, A 
and a, must be determined) one cannot regard the meth- 
Relation between uw, and od of determining A from spin-wave resonance as unam- 
we at different values of biguous. Hence in practice it is essential to combine 

B at room temperature?. this method with other methods (excitation of spin- 

waves by a uniform field®, temperature dependence of 
the magnetization, etc.). In our opinion, it would be of great interest to carry 
out experiments on specimens with different surface finishes. 


© 310% Hz 


e 4-109Hz 


"A.M.Gor'kii" Kharkov State University & 
Physical-Technical Institute of the 
Academy of Sciences of the Ukrainian SSR 
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TEMPERATURE DEPENDENCE OF THE CONDUCTIVITY AND HALL EFFECT IN METALLIC GADOLINIUM 
' - N.V.Volkenshtein & G.V.Fedorov 


Experimental studies of the electric and galvanomagnetic properties of ferro- 
magnets have disclosed a number of "anomalies" characteristic of elements whose 
free atoms have an unfilled 3d shell. The particular energy spectrum of these 

ferromagnets gives rise to spontaneous magnetization, 
RyRy 10" Vem Aes"! which is responsible for these "anomalies”.1 

Most experimental studies have been carried out on 
3d-transition elements and their alloys. We felt it 
would be of interest to measure the electric and galvano- 
magnetic properties of a rare earth ferromagnetic ele- 
ment, namely, gadolinium, which is a transition element 
with an unfilled 4/ rather than 37 shell. Owing to its 
distinctive electronic structure the exchange interac- 
tion mechanism in gadolinium may differ from that in 
ferromagnetic 3d-transition elements. 

Fig.1 shows the temperature dependences of the Hall 
coefficients for gadolinium. It can be seen that the 
spontaneous Hall coefficient A, has a maximum near the 
Curie point. The character of the #, curve differs in 
the paramagnetic and ferromagnetic regions. In the para- 


Fig.1. Temperature de- magnetic region R, drops sharply in a very narrow tem- 

pendences of the Hall perature interval and then falls off to zero in a range 

coefficients f, and Ro of about 50°; this terminal decrease is associated with 
for Gd. the "tail" in the temperature dependence of the spontane- 


ous magnetization 0, extending beyond the Curie point. 
In the ferromagnetic region there is a clearly pronounced temperature dependence, 
due presumably to the temperature dependence of o,, as follows from the relation- 
ship 


Ege (Ss, —=¥ Sea) (1) 


where 95, is the spontaneous magnetization at OOK, and 0,, is the spontaneous mag- 
netization at temperature T. This relationship was established experimentally by 
Komar & Volkenshtein2 and Kikoin et al3 and theoretically by Vonsovskii et al4 
and Patrakhin”. 

In view of the relation established!,® between Ap, the decrease in resist- 
ance of a ferromagnet below the Curie point (see Fig.2), and the square of the 
spontaneous magnetization: 


Ap =c + bos, (2) 


there should obtain a linear relation between f, and Ap, provided relationship 
(1) holds. 

It follows from Fig.3 that for gadolinium there is in fact a linear relation 
between R, and Ap in the range from 78 to 270°K. However, it should be noted that 
in the limit when 06,,—0;, the coefficient R, does not tend to zero, but remains 
finite, as found by Belov and Ped'ko’ for the temperature dependence of the change 
in resistance in a magnetic field. Relationship (1) is therefore no longer valid 

ratures. 
i epee the temperature dependence. of the usual Hall coefficient Ro, a 
characteristic feature is the presence of a maximum near the Curie point, which 
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Fig.3. Relation between 
R, and Ap. 


can be attributed to the paraprocess in 
the saturation region. It therefore fol- 
lows that the so-called usual Hall coef- 
ficient in ferromagnets may differ from 
Ro in nonferromagnetic metals. The pres- 
ence of a maximum of Ro near the Curie 
point was reported earlier? in the case 
of nickel-copper alloys. 


a 2% {Uo ll Fig.4 shows the variation of f&, for 
Fig.2. Temperature dependence of nickel and gadolinium as a function of 
the resistivity of Gd. the reduced temperature T/@, where T is 


the temperature of the measurements and 
@ is the Curie point. It will be evident that the sign of the effect and the 
character of the temperature dependence for them are the same. However, the 
magnitude of the effect for gadolinium is about 20 times greater than for nickel. 
Thus, the particular electron structure of gadolinium does not affect the charac- 
ter of the temperature dependence of the Hall effect but only increases its mag- 
nitude. It therefore follows that the unusual Hall effect owes its origin only 
to the effective internal field and that its temperature dependence is connected 
with the temperature dependence of this effective magnetic field, which is deter- 
mined by the spontaneous magnetization. 

In fact, in the transition metals of the 3d group the electrons responsible 
for the magnetic properties are fairly closely coupled with the conduction elec- 
trons, owing to overlapping of the s- and d-bands, and themselves participate in 
the conductivity and hence in galvanomagnetic phenomena. In transition metals 
of the 4/ group the electrons responsible for the magnetic properties are not 
coupled to the conduction electrons, since the s- and f-bands do not overlap. How- 
ever, this does not affect the temperature dependence of 2. 

The anomalously high values of A, for gadolinium compared with iron and nick- 
el, and hence the high value of the spin-orbit interaction in gadolinium is not 
inconsistent with the generally accepted ideas regarding the strength of this 
interaction in the rare earths with their particular electronic structure. 

In most theoretical investigations*»9,10 of the Hall effect in ferromagnets 
its anomalies are attributed to spin-orbit interaction. Numerical calculations 
are based on some form of electron scattering, i.e., some particular relation 
between #, and the resistivity p. For example, Karplus & Luttingerl9O assume 


-~ 1393 - 


(3) 


Other authorsl1,12 however, give an empirical or theoretically based relation- 
ship of the form 


R;, = ap + bp, (4) 


. Luttinger12 relates the first term of this relationship with scattering by 
impurities, while Irkhin & Shavrov!3 associate the second term with scattering 
by phonons and by ferromagnons (fluctuations of the Spontaneous magnetization). 


Ry 10" Vem Aes 
300 


200 


100 


909 100 0 120 
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Fig.4. Fig.5. 
Fig.4. Temperature dependence of &, for Gd and Ni (@ is the Curie point of the 
given metal). 
Fig.5. R,/p versus p for Gd. 


If we assume that Eq.(4) is valid, there should be a linear relationship be- 
tween f,/p9 and p. As can be seen from Fig.5, the relationship is in fact linear 
in the range from 90 to 270°K. For a detailed investigation of relationship (4) 
we would have to conduct experiments on metals with known amounts of impurities 
and over a wider range of temperatures (particularly higher temperatures). 

If we assume, as follows from most theoretical treatments, that the Hall ef- 
fect in ferromagnets is determined by spin-orbit interaction, it would appear 
that measurements of the Hall effect can be used to study spin-orbit interaction. 
It would be desirable, however, to compare the experimental results based on the 
Hall effect with the data of other experiments which also provide information on 
spin-orbit interaction. 
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MAGNETOELASTIC PROPERTIES OF TERBIUM AND HOLMIUM* 
~ K.P.Belov, R.Z.Levitin & S.A.Nikitin 


In contrast to metals of the iron group, the rare earth metals (Dy, Ho, Tb, 
Tm, Er and Gd) are characterized by a complex dependence of the magnetic proper- 
ties on the temperature and field. At low temperature these metals are ferromag- 
netic; then at a certain temperature 6, they change from the ferromagnetic state 
to the antiferromagnetic state with a Curie 
£10", point 69. However, this antiferromagnetism 
Lyn cnr (f a between 09 and 9] can be comparatively easily 
a3, 17 | ne removed by an external magnetic field. 
: In the present article we give data on 
the magnetoelastic properties of Tb and Ho. 
For Tb, 0] = 223°K, 05 ~ 234°K.4 The 
antiferromagnetic interaction is very weak 
and is removed by a field of about 200 Oe. 
Measurements of Young's modulus and the inter- 
nal friction of terbium showed that below 230° 
there is a considerable anomaly in Young's 
modulus and at 223°K there is a maximum of 
the internal friction (Fig.1). These anoma- 
lies do not disappear in fields up to about 
2500 Oe. The inset in Fig.1 shows the tem- 
4 perature dependence of Young's modulus near 
Bi 61 and 05, plotted to a larger scale. It can 
Ve cpeaie : be seen that there are two temperatures at 


SSS 
Ops 


ae 
a 


BI 95 G, a, 
25 220 225 230 235 
7, 


GI 13 


GMA ihe 


gk os which anomalies in Young's modulus are evin- 
ced: a large anomaly at 09 = 234°K and a small 
OL anomaly at 6, = 223°K. This confirms the da- 
59 | 


a3 : ag a5 250 TK ta of magnetic measurements on the presence 
of two Curie points 6, and Q@9 in Tb. 

Fig.2 shows the results of measurements 
of magnetostriction in Tb. At liquid nitroger 
*The present paper only gives part of 
the material presented at the Conference; 

the remainder appears in Refs.1, 2 & 3. 


Fig.1. Young's modulus E(1-6) and 

internal friction Q7! (7) in ter- 

bium: 1-H=0, 2-H=2 500, 3 - 

H = 1000, 4-H = 1500, 5-H= 

= 2000, 6 - H = 2500 0e; 7-H = 
=n 
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A, 10° 2 
: 5 85°K eee 
700 aT? 
2124 
: ; 3,15 
gue tbs 
3,10 
300 d 
‘ Io 208 3,05 
YY : — eget Zi 100 150 200 7, 
100 £ Fig.3. Moduli of elasticity and 
us ' internal friction Q7! in holmiun: 
{Nepess < 5 10 15 H:10,0e 1 - shear modulus G, 2 - Young's 
< 190 s 2 modulus E, 3 - internal friction 
We - ; in longitudinal vibrations, 4 - 
AN o—o—0 201 internal friction in torsional 
| SS vibrations. 
-300 > a min {55 . 
q - nitrogen temperature the magnetostriction 
pee i is very high (750-1076) and the X versus 
ro 5 oH" H curves do not show saturation for fields 
ait up to 15 000 Oe. The magnetostriction de- 
- creases monotonically with increase of 
Fig.2. Isotherms of longitudinal and temperature. 
transverse magnetostriction in ter- The temperature dependences of the 
biun. modulus of elasticity and internal fric- 


tion in Ho were studied only in the neigh- 

borhood of the 99 point (Fig.3). At Og = 196°K there are anomalies in the moduli 
of elasticity. It is an interesting fact that anomalies are observed not only for 
Young's modulus but also for the shear modulus (a similar phenomenon was found in 
Dy). This shows that in the transition at 99 there occur other changes in addi- 
tion to purely volume deformations. This is confirmed by the x-ray diffraction 
studies of Banister, Legvold & Spedding®, who showed that the ratio of the unit 
axes a/c of Dy changes in going below @9. 

Recent neutron diffraction studies by Koehler & Wollan® have shown that in 
the antiferromagnetic region (i.e., above 91) there is observed in Dy crystals 
the so-called helicoidal spin structure: the spins in neighboring basal planes 
of the hexagonal Dy lattice are turned relative to one another, forming a "spiral" 
arrangement. At temperatures below 6] the spins lying in these planes are paral- 
lel. It may be assumed that the other rare earth metals, in particular Ho and Tb, 
have the same spin structure. Measurements! »2 of magnetostriction in Tb and Dy 
show that these metals have a high magnetoelastic energy (in a field of 15 000 Oe, 
rn = 1000°10-© for Dy and xX. = 750°107© for Tb), and great magnetic anisotropy, since 
there is no leveling off of the magnetostriction isotherms in fields up to 15 000 
Oe. At temperatures below 6; the internal effective magnetic field, resulting 
from the great magnetic and magnetoelastic anisotropy, produces parallel orienta- 
tion of the magnetic spins in the basal planes of the crystal, i.e., the ferro- 
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This effective field decreases with increase in temperature; 
at temperatures above 6, there abruptly forms the helicoidal spin configuration 
which is responsible for the antiferromagnetic behavior of the metal. However, 
if an external field is superimposed on this field, at a certain critical field 
value the helicoidal spin structure breaks down and the ferromagnetic state is 
restored. The value of the critical field increases with temperature inasmuch 
as the effective anisotropy field decreases greatly with temperature. 


magnetic state. 
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DETERMINATION OF THE PARAMETERS CHARACTERIZING THE CATION DISTRIBUTION 
IN MULTIPLE COMPONENT SPINELS 
- A.N.Men' 


We shall consider a spinel structure containing JV; i-type cations. Let one 
parameter ), be sufficient for characterizing the distribution of cations among 
the tetrahedral (A) and octahedral (B) sites.* To determine the dependence of xX 
on the composition c; we must solve the equation 


dF 
where 
io Ko (0, Cr, Fy AT In w (A, ci). (2) 


In Eq. (2) we separated the configuration entropy (the second term); this will 
help us to analyze the existing experimental data and discuss theoretical studies. 
From (1) and (2) we obtain 


dhe RTO ee (3) 


*The existing experimental data! on} = f(T,c) are consistent with this as- 
sumption. 
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The existing experimental data on the c; dependence of X (see Table 4 in 


' Re£.2) pertains to the following distributions: 


NA NA 

3 n 

Ay 1—a’A,—r rt Aver eee 

B B 

3c,—A 3c. — 1A es Nn 

iL 1 2 1 N TNT 

NA NA 

(3— ee Ce es 

NP N® 

n 

ep 3 (ey + ¢2) —1—Ag +r We cW 
where : va ; NB N, 
Ln Lee Wty = sy? 


Here NV! is the number of i atoms at sites of type u(uy= A,B). 


the correlation between the cations, then 


N! (2)! 


n 


n 
lieiellen?i 


1=1 i=1 


and in view of (6) and (4), Eq.(3) becomes 


i — 


Ay (8egp—A1-+-Ar+r) _ 
C= 7Ca=we ee! 

Ae (1 — 3c, + As — r) es 
nen) Oa 854i Leen 


where 


: dK 
a; =exp|— get i= fi(hail) = az: 


(4a) 


(4b) 


(5) 


If we neglect 


(6) 


(7) 


(8) 


If 7 is independent of X for the case lim x =0 Gow temperatures), then from (7) 
4B 


>0 


we readily obtain the explicit form of i; = f (c): 


Mi = a ae (a; + abs) + V (a; + abi)? + 4a (1—a)dj], (9) 
where 
a, = 3e,+7r—1, a,=—1—se,—7; 
b, = 3c, + 1—7, by = 6c, + 8c. —1+7; (10) 
ad, = oc, (1 — 7); dy = 3c, (3c, + 3cg —1 -} 7). 
For the case of high temperatures we obtain 
Ma = ct A C1, Ag = 3c, — Ay. (11) 


n 
1— >) C; 
i= 3 


The assumption as to the independence of f of X is valid for the Fe,_,Mg, - 
(Fe,+.Mgi-2) O, (Ref . 3) MegFe,_-Mn,O4 (0.8<e< 1.2) (Ref . 4) and Fe,_,Th (Niz+cle1—sctae 
=Ti,_,) 0, (see Table 1 in Ref.2) systems. Magnesium ferrite shows good agreement 
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between the theoretical X = f (7) curve and experiment®, if we assume poets ‘age 
linear function of X ; in this case the theory will contain two oe pis oe 
regards the Ni,icFe:—2 Ti-O, System, good agreement canabe obtained be re wee 
retical X = f(c) curve and experiment®, if f is Conetee tee as a linear vee ie 
of } and c, and three parameters are introduced. There are a number of sys 


for which \(c,) = 0 when T # O (see table). 


Noe System Co Explicit form 
fies ert 


i i (0,5 —e +d) 
1 Ni, 5 Zn, FeTig 5 On , Se 0 

See Ref.l,Fig.186 0,5 |(0,5—A) (0,5 +¢—A) 

i i A (A +c) 2 lim Ar 
2 Nip eos Mn,fFe Tig 5 O4 om we, 

See Ref.l, Fig. 20c 4 (0,5 —A) (1 —ce—A) pee es VET) 
3 Lig 5Feo 5_.Cr,O4 A(1,5+%—c) Baye 0) 

See Ref.1,Fig.22b 0,5 (0,5 —A) (1 —A) 
4 Mg,Mn,_, Fe2O4 yn 11 eee aa 

See Ref.6,Fig.+ 0,4 |(4—n)[0,2+c¢(0,8 — n)] 0 


See Ref.6, Eqe (9) 


It follows from Eq.(8) that for a(4=0, c=c,)=0 when T # 0, the function 
j should contain a term*** of the form 1/.?(1>p>0), i.e., when considering the 
systems listed in the table, in the concentration region containing c, in evalu- 
ating Kit is not sufficient to take into account only the Coulomb energy wu, and 
the repulsion energy uv, associated with overlapping of ion cores, if Eq.(6) is 
assumed to be valid. 

The analysis shows that to obtain agreement between theory and experiment 
for some systems it is sufficient to set K=U,(f=const), for other systems we 
must assume that »\ = f (c), choosing K=U,+U,(f= A,A+ A.c+ As, Ai = const) -« 
Finally, we should bear in mind that there are systems for which K+U,.4+U,,. 

If we take into account short-range order in spinels, then Eqs.(7) will change 
inasmuch as the parameters characterizing the distributions will be Qj; - the 
number of pairs of i and / atoms, and the parameters } will be found from equa- 
tions such as (1), but with the equilibrium values Qi) = QM (A) (Ref.9). 

Even in the case of the simplest spinels calculation of the correlation para- 
meters is very complicated, inasmuch as here for the first coordination sphere 
we must consider three different separations!° between the cations. We will deal 
with this problem at a later date. 

To arrive at a refined model, which would enable us to describe the configu- 
ration properties, we must determine X = Fic) experimentally at high temperatures; 
we must also determine the dependence of the specific heat! at the equilibrium 
vapor pressure of oxygenl2 on c, and the variation of the lattice constant as a 
function of c and X.13 For meaningful comparison of theory with experiment we 
should have available the results of direct measurements characterizing the dis- 


*The dependence of / on A for MgFeg04 and Mgo,75Mno,95Feo04, obtained from 
magnetic measurements® using the Néel model?, is also linear. 

**For the Lio, 5Feo,5-~Cro04 system there is no quantitative agreement between 
theory and experiment over the entire concentration range for any three constants 
(see Fig.2 of Ref.8). 

***The function / can also become infinite in the presence of the term : 
but in this case K =o, which has no physical meaning. ae 
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tribution of cations among the sublattices as a function of the temperature and 
composition. 
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MAGNETIZATION AND THE MAGNETOCALORIC EFFECT IN URANIUM HYDRIDE AND DEUTERIDE 
- A.I.Karchevskii & E.M.Buryak 


Uranium hydride and deuteride were the first ferromagnets discovered among 
the chemical compounds of the actinide group!. In investigating these compounds 
it became feasible for the first time to observe a change in the magnetic proper- 
ties of a substance associated with a difference in isotopic composition. Both 
substances have a simple cubic lattice with constants duy,= 6.632 A and ayp, = 
= 6.625 A. 

: Several authors3-6 have studied the magnetic, thermal and other properties 
of UH3 and UD3. Henry* has shown that the molar magnetization of UH3 at 1.3°K 
is much greater than that of UD3 (by about 30%); the relative difference in the 
magnetization decreases somwehat with increase of the magnetic Cae 

Investigations of the magnetocaloric effect by Abraham et al” showed the 
presence of an isotope shift of the Curie point: whereas 9/un, € 182°K, O;up,= 
= 178.4°K. Measurements of the specific heat by Abraham et al” threw doubt on 
the large difference between magnetizations of UH3 and UDg at low temperatures, 
found by Henry*, and confirmed the existence of an isotope shift of the Curie 

int. 

s The present paper gives the results of a detailed investigation of the mag- 
netization of UHg and UD3 at 4.2 and 77.4°K in magnetic fields of up to 23 kOe. 
We also studied the temperature dependences, in the vicinity of the Curie point, 
of the magnetization and the magnetocaloric effect in a wide range of magnetic 
fields. The paramagnetic susceptibility of both compounds was measured in the 
range from 250 to 500°K. 

We found that at 4.2 and 77.4°K the magnetization permole of UH3 exceeded 
the magnetization of UD, by 6% for all values of the magnetic field up to 23 kOe. 
The temperature dependence of the paramagnetic susceptibility y of UH3 and UD3 
cannot be described by the Curie-Weiss law, but is approximated by an expression 
of the type 


mol 


Xmol= pF. + Xo, 


where Cyo] = 0.624 deg mole7! (for UHg and UD3), and Y% is a temperature-indepen- 
dent term, equal to +40°1075 g mole-1 for both substances; the paramagnetic Curie 
point 7 o for UH3 is 176°K and for UD3, 175°K. The ferromagnetic Curie points of 

UH3 and UD3 determined the maximum in the temperature dependence of the magneto- 

caloric effect are 182.0°K and 178.5°K, respectively. 

At a field strength of 17 kOe the maximum value of the magnetocaloric effect 
in UH3 is 0.53°C and in UD3 0.4°C. Accordingly, the ratio of the maximum values 
of the magnetocaloric effect in UH3 and in UD3 is 1.5 + 0.15. 

The considerable difference between the magnetocaloric effects is mainly due 
to two factors: 1) near the Curie point the total heat capacity of UD3 is 20% 
greater than that of UH3 because of the difference between the contributions of 
deuterium and hydrogen to the heat capacity at these temperatures® , and 2) accord- 
ing to our measurements, the derivative of magnetization with respect to tempera- | 
ture near the Curie point is 17% greater in UHg than in UD3; the latter fact is 
Beam to the temperature behavior of the spontaneous magnetization of these com- 
pounds. 

The results of our studies of the magnetocaloric effect are in satisfactory 
agreement with the data on the specific heat and magnetization of UH3 and UD3. 


We wish to thank Academician I.K.Kikoin for his interest in the work and 
for useful discussions. 
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MAGNETIC ANISOTROPY AND HYSTERESIS PROPERTIES OF RARE EARTH ORTHOFERRITES 
- K.P.Belov, M.A.Zaitseva, A.M,Kadomtseva & V.A.Timofeeva 


1. It will be recalled that rare earth orthoferrites (general formula: MFe03, 


where M is the rare earth ion), 


being antiferromagnets, exhibit weak ferromagnet- 


ism. These substances have a distorted perovskite structure: orthorhombic rather 


than cubic symmetry. 


4-103 erg/g 


Fig.l. Torque diagram recorded 
for a YbFe03 single crystal at 
20°C. @ - angle relative to 

the magnetic field; H = 19 kOe. 


The nature of the weak ferromagnetism of 
antiferromagnets was explained in Refs.1 and 2. 
Neutron diffraction studies? have shown that the 
ordering of the magnetic spins of the rare earth 
ions occurs at temperatures below 20°K, while at 
higher temperatures antiparallel ordering of the 
spins obtains only for iron ions. According to 
theoretical ideas 22 the antiparallel ordering 
of the iron ion spins in orthoferrites is dis- 
turbed by the internal magnetic field of the crys- 
tal; this gives rise to a weak magnetic moment 
in the direction perpendicular to the antiferro- 
magnetic array of the Fe3* ion spins. 

Turov & Naish! have demonstrated theoretical- 
ly that weak ferromagnetism in orthoferrites 
should have a sharply anisotropic character. Ac- 
cording to their evaluation, the fields needed to 


deflect the spontaneous magnetic moment from the direction of easy magnetization 
should be near the geometrical mean of the exchange field and the magnetic aniso- 


tropy field, i.e., about 10° Oe. 


There have been very few experimental studies 


devoted to the magnetic anisotropy of orthoferrite single crystals. In a search 
of the literature we found data only for a GdFe03 single crystal‘; these data 
show that a 12 000 Oe magnetic field does not noticeably turn the magnetic moment 
from the direction of easy magnetization. 

2. We grew single crystals of La, Pr, Nd, Sm, Eu, Gd and Yb orthoferrites by 
spontaneous crystallization from solutions in molten lead compounds (lead oxide 
and lead fluoride). A suspension anisometer was used to measure the torque of 
the crystals as a function of the angle of the specimen. Fig.1 shows the torque 
curve obtained at room temperature for YbFe03 orthoferrite; it will be seen that 
a magnetic field of about 20 kOe was not sufficient to deflect the spontaneous 
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magnetic moment from the direction of easy magnet~ 
ization (c-axis) to the direction of the field 
(when the direction of the field was changed the 
specimen rotated sharply without reversal of the 
magnetization). Similar torque diagrams were ob- 
tained for other orthoferrite single crystals. 

The considerable stability of the magnetic moment 
with respect to its rotation by an external field 


is indicative of the extremely high magnetic aniso- 
é tropy of these orthoferrites. The torque curves 
recorded for orthoferrites undergo little change 
with increase in temperature up to the Curie point; 
this indicates that there is little or no reduc- 
tion of the anisotropy of weak ferromagnetism at 
these temperatures. 

Bozorth? has reported that in SmFe03 single 
crystals at 210°C there occurs reorientation of 
the spontaneous magnetic moment from the a axis 
to the c axis. Fig.2 gives the torque curves for 
SmFe03, recorded below the temperature of reorien- 
tation of the axes (20°) and above this tempera- 
ture (245°). As can be seen from Fig.2, at 20° 
the magnetization vector, aligned with the a axis, does not change its orienta- 
tion under the influence of a magnetic field of about 20 kOe. At 245° the magnet- 
ic moment, having changed its orientation to the c axis, does not exhibit such 
stability, which is probably due to a diminution of the anisotropy constant. How- 
ever, at higher temperatures the anisotropy constant again increases, as shown by 
the torque diagram recorded at 400°, 
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Fig.2. Torque diagrams for an 

SmFe03 single crystal, record- 

ed in a 19 kOe field at dif- 

ferent temperatures: 1) 20°, 
2) 245°, 3) 400°. 


The large magnetic anisotropy is 
apparently due to the characteristic 
hysteresis and thermoresidual effects 
in rare earth orthoferrites. We ob- 
served these effects in polycrystalline 
specimens of La, Pr and Yb orthofer- 
rites5,6, The magnetization curves and 
the magnetic hysteresis loops were re- 
corded by a ponderomotive method in mag- 
netic fields of up to 20 kOe. The hys- 
teresis loops recorded for specimens 
cooled from the Curie point in a magnet- 
b ic field were asymmetrical with respect 
to the coordinate axes (Fig.3) and were 
minor hysteresis loops. The thermore- 
sidual magnetization was reduced to zero 
by a magnetic field of about 10 000 Oe, 
which points to the tremendous coercive 
forces in these orthoferrites. 


We prepared polycrystalline La and 
Pr orthoferrites with the Fe3t ions partially replaced by nonmagnetic A13*t ions. 


The aim of these experiments was to reduce the "orthorhombic" distortion of the 
lattice by the introduction of Al3+ ions (at the Fe3+ sites), for Al3+ ions have 
a smaller ionic radius. In the substituted materials, LaFeo,9Alg9, 10. and 
PrFeo,9419,103, we observed a strong reduction of the coercive forcotana the 
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Fig.3. Magnetic hysteresis loops record- 

ed at 20° for polycrystalline LaFe03 

(a) and YbFe03 (b): 1) initial state, 

2) after cooling in a magnetic field 
from the Curie point. 
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Fig.4. Magnetic hysteresis loops re- Fig.5. Temperature dependence of 
corded at 20° after cooling in a mag- the specific magnetization of 
netic field from the Curie point: a) orthoferrites in a 4 k0e field: 
LaFeo,9A10,103, b) PrFe03 (1) and 1 - LaFe03. 2 - LaFeo,9A19,103, 
PrFeg,9A19,103 (2). 3 - PrFe03, 4 - PrFeg, 9Alp, 193. 


thermoresidual effects (Fig.4); this may be due mainly to reduction in anisotropy. 
It is an interesting fact that these compositions showed a strong increase in mag- 
netization; for the compound with La the increase was more than tenfold, and for 
the compound with Pr it was double (Figs.4 & 5). As we have already mentioned, 
the magnetic moment depends on the ratio of the exchange and crystal fields. When 
some of the Fe?* ions are replaced by A13* ions, there apparently occurs a de- 
crease of the exchange field, and at the same time there should be a reduction 

in the crystal field. The observed increase in magnetization may be due to pre- 
dominance of the reduction of the exchange field, inasmuch as in this case there 
is an increase in the component of the magnetic moment in a direction perpendicu- 
lar to the antiparallel array of the iron ion spins. 

On the other hand, the increase in magnetization may also be due to the in- 
creased difference between the magnetizations of the two Fe3t sublattices as some 
of the ions are replaced by nonmagnetic A13+ ions. This may be due to the fact 
that in the range of low aluminum concentrations the A13t ions preferentially oc- 
cupy certain sites in the perovskite lattice, thus giving rise to fluctuations in 
ionic concentration. Upon the introduction of appreciable numbers of A13* ions 
instead of Fe3t ions, as in the case of LaFeo,gAlo0,203, there was observed a mark- 
ed decrease in magnetization, presumably owing to the more uniform distribution 
of the Al3+ ions. In this case there was noted a certain increase of the coer- 
cive force, possibly due to hindrance of rotation, since in this case OH is too 
oe to overcome the energy of magnetic anisotropy. In all cases replacement of 
Fe ions by A13+ ions leads to a lowering of the Curie point; this is apparently 
due to a reduction in the number of Fe3t-092--Fe3t superexchange interactions. 

We also studied compositions with some of the Fe3* ions replaced by magnetic 
Cr3+ ions (ionic radius 0.64 A). The introduction of Cr3+ ions into La and Pr 
orthoferrites causes a strong reduction of the coercive force, as compared with 
that in the stoichiometric compounds. In contrast to A13*, cr3* ions produce 
very little change in the magnetization; this is to be expected, since the ex- 
change and the crystal fields should not undergo any appreciable changes in this 
case in view of the fact that the ionic radii and the magnetic moments of the 
Cr3+ and Fe3t differ little from one another. 
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A.A.Katsnel'son and K,Yatskul'yan recorded Debye patterns for all the poly- 
crystalline specimens; these patterns showed that the investigated compositions 
formed true solid solutions and did not contain any foreign phases. 

We desire to thank E,A.Turov for valuable discussions of our experimental 


results. 
Moscow State University 
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INVESTIGATION OF FERRIMAGNETS WITH THE STRUCTURE OF MAGNETOPLUMBITE AND GARNET 
IN STRONG PULSE MAGNETIC FIELDS 
- G.A.Smolenskii & A.A. Andreev 


The main purpose of the present work was to determine the saturation magnet- 
ization and spin configuration in the new group of rare earth hexoferrites synthe- 
sized in our laboratory. An additional purpose was to investigate the non-col- 
linear arrangement of spins in rare earth garnets. Both purposes require the use 
of strong magnetic fields. Pulse magnetic fields (of up to 150 koe) were produced 
by discharge of a bank of capacitors. The pulse duration was up to 2°1073 sec; 
the inhomogeneity of the field in the 0.5 cm3 working volume did not exceed a few 
percent. 

For the measurements we used two series-opposing connected identical coils, 
into one of which we inserted the specimen of spherical or cylindrical shape with 
a volume of up to 50 mm3. The output signals were observed on an oscillograph. 
The measurement error did not exceed 7%. The measurements were carried out both 
at room temperature and at liquid nitrogen temperature. 

1. Bertaut! was the first to note the possibility of replacing the Ba ions 
by rare earth ions in barium hexoferrite, BaFe,9019, with the structure of mag- 
netoplumbite. Bertaut introduced Lat , pr3t, Nast, SmS+ and EuS+ and obtained a 
limited region of solid solutions in all cases except that of La. Bertaut was not 
able to answer the question whether there occurs in these solid solutions change 
in the valence of part of the Fe ions or whether there form defects in one of the 
sublattices. 

In our experiments we took into account the necessity of conservation of elec- 
tric neutrality and, simultaneously with introduction of the trivalent rare earth 
ion (or Bi3*) to replace Ba2t | introduced a divalent ion - Ni2t, Mg2t or Co2t - 
to replace an Fe3* ion. Thus we were able to obtain a large group of solid solu- 
tions based on barium hexoferrite, including new compounds of the M*FeFtu F019 
type with the magnetoplumbite structure. 

We investigated solid solutions of the type 


(1 - x) Ba**Fe3to, .—xM*FeFin*0, 9, 
where M3+ = La3+, pr3+ or Bi3t+, and M2+ = Co2* or Ni2+, 

The specimens were synthesized by reaction in the solid phase. By way of 
initial materials we used finely ground oxides and salts. The preliminary sinter- 
ing of the mixtures containing the rare earth oxides was carried out at 1100°; 
the final sintering at 1250°. For the mixtures containing bismuth oxide, the 
preliminary sintering temperature was reduced to 800°, the final sintering tem- 
perature to 970-1100°; the roasting time in all cases was 2 hours. 

X-ray diffraction studies, carried out at our request by A.G.Tutov, showed 
that in the 


BaFe, .0, >—M TF eo tuer Ore 

systems, where M°t = La? or pr3+, and M2+ = Co#+ or Ni2+, there form solid solu- 
tions of the magnetoplumbite type with concentrations of the second component up 
to 80 mole percent. The lattice parameters decrease only slightly with increase 
in the concentration of the second component. We were unable to obtain compounds 
of the Mo*+¥Fe2t2+01 9 type with the magnetoplumbite structure. A recent investi- 
gation? of the phase diagram of the La903—Fe 0, system (actually the Lag03— 
—Feo03—Fe0 system) showed that the analogous compound LaFe#tFe?+0, , does forn, 
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Fig.l. Variation of the saturation mag- 
netization of (1 - x) BaF e159) 9— 
—xM+Fe#tm?+0,. solid solutions with 
the concentration of the second compo- 
nent (x): 1 - M3t = LaS+ & M2+ = Cot 
(t = -196°); 2 - M3t = LaSt & M@t+ = 

= Co2t (t ~ 200); 3 - M3+ = Prdt & 

M2+ = Co2t (t = -1969); 4 - MSt+ = prdt 
& M2t = Co2F (t = 20°). 


but only in a very narrow temperature 
range. Solid solutions in the 

BeFej90;9—'"'BiFe11Co019° system form 
in a more restricted range of second 


component concentrations (up to 40 mole percent). 


Fig.2. Variation of the saturation 
magnetization of (1 - x)BaFe12019— 
—xM3tFe dB with the concentra- 
tion of he second component (x): 

1 - M3+ = LaSt & M@+ = Ni2 (t = 

= -196°), 2 - M3+ = Last & M2+ = 

= Ni2+ (t = 20°); 3 - MSt = Prot & 
M2+ = Ni2+ (t = -196°); 4 - Mot = 

= Pr3t g m2+ = ni2t (t = 20°). 


The same thing is observed 


for systems containing rare earth ions of small radius. 
The results of our measurements of the saturation magnetization of some of 


the solid solutions (at Hygx = 75 koe) are shown in Figs.1 & 2. 


It will be seen 


that in general the saturation magnetization of the solid solutions decreases 
with increase of the second component; for the system with Pr this effect is 


weaker. 


The differential susceptibility in the high field region, as determined from 
the hysteresis loop, is small (within the limits of the experimental error) , 


which indicates collinear arrangement of the magnetic moments. Introduction of 
the second component leads to increase of the coercive force several fold over 
the value for barium hexoferrite. 

Similar data were obtained for BaFe,10}9—~— "BiFe ,jCo0j9" solid solutions. 

The saturation magnetization decreases with increase of the second component (for 
10 mole percent of the second component oa = 62.5%, while for 20 mole percent o = 

= 59 gauss cm? gly, while the coercive force at room temperature increases by a 

factor of 1.5 in going from the 10 to the 20 mole percent composition. 

The experimental data on magnetization allow of drawing certain inferences 
regarding the spin configuration in the investigated ferrites. It is known that 
the unit cell of barium hexoferrite consists of spinel blocks separated by blocks 
with hexagonal dense packing of oxygen ions, one of which is replaced by a barium 
ion or in our case by a rare earth ion. Obviously, the cobalt or nickel ion, as 
in the corresponding invert spinels, replaces a trivalent Fe ion in the octahedral 
position in the spinel blocks. The unit cell contains two formula units: 

BeEe 19019. Of the 12 iron ions per formula unit two are in tetrahedral positions, 
nine in octahedral positions, and one is surrounded by five oxygen ions. The 
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magnetic moments of the ions in the tetrahedral positions are oriented antiparal- 
lel to the total magnetic moment of the other ions. 

Knowing the composition of the solid solution, the distribution of cations 
between the sublattices and the signs of the exchange interactions, one can calcu- 
late the variation of the magnetization as a function of the second component con- 
centration. We do not know, however, how the exchange interaction between the rare 
earth ion and the neighboring magnetic ions is realized or the sign of this inter- 
action. Decrease of the saturation magnetization as a result of introduction of 
rare earth ions can be explained only on the assumption that the magnetic moments 
of these ions are oriented antiparallel to the total magnetic moment of the other 


ions. In this case one can readily calculate the magnetic moment per formula unit 
of the solid solution (in Bohr magnetons) 


m = 4(1 — 2) myers + x (8mpest + Mya+ — Myr), 


where my.:, Myx and my, are the magnetic moments of Fe3t, M2+ and MS+, respec- 
tively. The results of such calculations are in fairly good agreement with ex- 
periment if one takes into account the orbital moments of the rare earth ions. 

2. Recently, it was shown as a result of neutron diffraction studies? that 
the magnetic moments of the Ho3t ions in HoFe garnet are oriented at an angle to 
hE1y}, the direction of the moments of the iron atoms. 

It is natural to assume that such an umbrella-shaped or conical magnetic 
structure will undergo appreciable deformation in a magnetic field. In connec- 
tion with this, we investigated Y, Eu, Ho and Er iron garnets and Ho3Fe9(Fe,Al1) 30192 
and Ho3(Fe,Sc) 9Fe30,9 solid solutions. The differential magnetic susceptibility 
in strong magnetic fields (~150 koe) was determined from the hysteresis loops. 
Holmium garnet, its solid solutions and erbium pee are characterized by a high 
differential susceptibility (y, ~ (1-2)+*10-4 cm%/g). In contrast, the differenti- 
al susceptibility of yttrium garnets is low. The noted high differential suscepti- 
bility of holmium and erbium garnets is observed both at room temperature and at 
liquid nitrogen temperature (77°K). 

It is known that the compensation point in holmium garnet lies at 136°K. 
Above the compensation point there predominates the magnetic moment of the iron 
ion sublattices, while below the point the magnetic moment of the rare earth ion 
sublattices predominates. The differential susceptibility of holmium garnet both 
above and below the compensation point is of the same order of magnitude, and hence 
one can hardly attribute the high differential susceptibility to the paraprocess 
(reorientation of the magnetic moments) in the relatively weakly bound magnetic 
sublattice of the rare earth ions, particularly in view of the low value of the 
differential susceptibility in europium garnet. It would be of interest to deter- 
mine the differential susceptibility of all rare earth garnets. 

Taking into account the relatively weak exchange coupling in the rare earth 
sublattice in garnets, particularly in garnet solid solutions, one might expect 
flipping of the magnetic moments of this sublattice in fields of the order of a 
few kiloersted. However, we did not succeed in observing this effect in fields 
up to 150 koe for holmium garnet and its solid solutions either at room tempera- 
ture or at liquid nitrogen temperature. 

We desire to express our gratitude to E.S.Sher for preparing the specimens 
and A.G.Tutov for the x-ray diffraction studies. 


Institute of Semiconductors, 
Academy of Sciences of the USSR 
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INVESTIGATION OF THE MAGNETIC PROPERTIES OF SOME FERROMAGNETS WITH THE 
STRUCTURE OF PEROVSKITE AND GARNET 
- G.A.Smolenskii, V.P.Polyakov & V.M.Yudin 


1. Smolenskii et all showed the possibility of preparing ferromagnets in the form 
of solid solutions with the perovskite structure through ordering of the ions in 
the octahedral sublattice. In the present work we checked the suggestion using 
LaFe03—Sr(Nio,5Wo9,5)03 solid solutions. The first compound is antiferroma etic*, 
while the second is paramagnetic with ordered arrangement of the Ni2* and W ions 
in the octahedral positions?. 

The polycrystalline specimens were prepared from finely ground oxides of the 
appropriate metals ("chemically pure" or "reagent grade pure’) by two stage sin- 
tering in air at temperatures of 1100° (2 hours at the maximum temperature) and 
1350° (1 hour). The material was thoroughly ground after the first roasting. 

X-ray diffraction studies, carried out by A.G.Tutov2, showed that in the 
LaFe03—Sr(Nig,5Wo,5)03 system there form solid solutions with the perovskite 
structure. Only a very small amount of second phase was present in most composi- 
tions. In addition, specimens containing 76 and 90% of the second component were 
studied petrographically. The first specimen was homogeneous and the second was 
heterogeneous; specimens containing more than 76% of the second component were 
therefore not investigated. 

The magnetic moments of the specimens were determined by the Faraday method 
on a magnetic balance with a sensitivity of 1075 g. Mohr's salt was used as the 
"standard". An inhomogeneous field with an adequate constant gradient was pro- 
vided by Sucksmith pole pieces. The field intensity between the pole pieces at- 
tained 8000 Oe. The specimens were spheres ranging from 1 to 3 mm in diameter, 
depending on the magnetic moment in the material. The moments were measured in 
the temperature interval from -196 to +850°, 

Fig.1 shows the temperature dependences of the saturation magnetization ob- 
tained for five solid solutions. The magnetization was determined by linear ex- 
trapolation of m =/(H) to H =0. It will be evident from Fig.1 that the phase 
transitions in the investigated solid solution are strongly smeared out; hence it 
is probably more appropriate to speak of a Curie region, rather than a Curie point. 
However, if we arbitrarily determine the Curie temperature @, as shown in Fig.1 
for the solid solution containing 60 mole percent Sr(Nio.5Wo.5)03, we find that 
the concentration (x) dependence of @ is almost linear. 

Fig.2 shows the variation of the magnetization of (1 - x) LaFe03—xSr(Nio,5- 
Wo.5)03 solid solutions with the concentration of the second component . Curve 
1 corresponds to the calculated values at O°K in the case of complete ordering 
of the ions, when only the spin moments are considered!, In this case the formula 
for the solid solutions can be written as follows 


*Minor noncolinearity of the spin moments is neglected here. 
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Fig.1. Temperature dependence of the 
saturation magnetization of solid solu- 


tions (1 - x)-LaFe03—xSr(Nig, 5Wo,5)03 Fig.2. Calculated (1) and experimental 

solid solutions with the perovskite (2) values of saturation magnetization 

structure: 1) x = 0.2, 2) 0.4, 3) 0.5, of (1 - x) LaFe03—%Sr(Nig,5Wo.5)03 sol- 
4) 0.6, 5) 0.76. id solutions as a function of the sec- 


ond component concentration. 
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Curve 2 is plotted on the basis of the values found experimentally at 77°K. 
For up to 55 mole percent of the second component the experimental curve lies 
lower than curve 1. This may be explained by incomplete ordering of the ions in 
this region of solid solutions. The displacement of curve 2 relative to curve 1 
in the range above 55 mole percent of the second component may be due to the devi- 
ation from the statistical distribution of ions in the octahedral sublattices I 
and II or to the presence of a second phase in the actual solid solutions. 
2. The second group of investigated ferromagnets consisted of two series of 
solid solutions with the garnet structure and having the following compositions: 


1) (1 —x) {5} [Fes] (Fes) O12 — x {Ca2*} [Fes] (Siz*) O12; 
2) (1 — x) {¥5} [Fe.] (Fes) Oy. — x {¥Ca2*} [Fe] (Fe2V**) Oj5. 


We felt that it would be of interest to use these solid solutions to check 
the validity of Gilleo's® calculations of the magnetic moments in mixed garnets. 
We recall the basic assumption underlying these calculations. A magnetic ion 
makes a contribution to the magnetization provided this ion has not less than 
two magnetic ions as nearest neighbors in the other sublattice. For garnets the 
magnetic moment (in Bohr magnetons) per formula wit for the first group of solid 
solutions is equal to 


m =5{3(1—2x) —2[1 — (605 — 52%), (1) 


and for the second group 
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m= 53 (1—%)—2[41-(6($) —5($) Jf}. (2) 


The above-mentioned solid solutions are convenient for checking these oer: 
lations, since we can ensure beforehand that practically all the small ions, Si 
(r = 0.39 A) and v5* (; = 0.4 A), will be located in the tetrahedral sublattice. 

The specimens were prepared of "chemically pure or reagent grade pure’ ox- 
ides of the corresponding metals. The first sintering was carried out at 1050- 
1100° (1 hour) for the first system and at 1000° (1 hour) for the second system. 
The final sintering temperatures were 1250-14009 (1 hour) for the first system 
and 1200-1300° (1 hour) for the second system. Formation of the solid solutions 
was checked by x-ray diffraction studies. The lattice parameters of the solid 
solutions decrease with increase of the second component. We did not succeed in 
obtaining a single phase solid solution in the case of YtCagFe3V0j9. 
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Fig.4. Calculated (1) and experimental 
(2) values of magnetization of 

(1 - x) ¥t3Fe50;9—xYtCagFe4V0j9 solid 
solution as a function of the second 


Fig.3. Calculated (1) and experimental component concentration. 

(2) values of magnetization of 

(1 - x) Yt3Fe5019—xCa3zFe9Si30,9 solid Figs.3 and 4 show the relationships 

solution as a function of the second between the magnetization of the solid 
component concentration. solutions and the concentration of the 


second components. At low concentrations 
the magnetization is described by the formula 


while at high concentrations it is given by 


Oy = 9) + XHintn 


The curves 1 correspond to the 0°K values calculated by means of Eqs.(1) and (2), 
taking into account only the spin moments and on the assumption that the small 
Si4* and v5+ ions are situated at the tetrahedral positions. Curves 2 are plot- 
ted on the basis of values found experimentally at 77°K. It should be mentioned 
that the direction of the magnetization is not determined in the experiment. It 
will be evident that there is relatively good agreement between the calculated 
and experimental values. The greatest divergence is obtained for the first sys- 
tem in the region of the minimun. 


We desire to thank E.S.Sher for preparing the specimens and A.G.Tutov for 
the x-ray diffraction studies. 
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TEMPERATURE DEPENDENCE OF THE PARAMAGNETIC SUSCEPTIBILITY OF MIXED FERRITES 
- V.I.Chechernikov 


The magnetic susceptibility of most ferromagnetic metals and alloys at tem- 
peratures above the ferromagnetic Curie point (6s) varies with temperature accord- 
ing to the Curie-Weiss law. In the case of ferrites, however, this simple law 
does not hold. 

The temperature dependence of the paramagnetic susceptibility of ferrites 
is described by a more complex law, first established by Néell, namely, 


1 1 T GS 


ene CO T= a ; (1) 
where the constants 6, X» and o depend on the molecular field constants (n, a and 

8B) characterizing the exchange interaction between the different sublattices (AB) 
and within the sublattices (AA and BB) and also on the number of magnetoactive 
iron ions (hk and up), situated in these sublattices and their atomic constant Cy. 
This difference in the behavior of ferrites, as compared with metallic ferromag- 
nets, is due to the substantial difference between their magnetic structures. The 
difference is evinced most clearly in their behavior in the paramagnetic region. 

In the development of the theory of ferromagnetic alloys an important part 
was played by investigations into the dependence on the composition of the alloy 
of the parameters ( and 6, in the Curie-Weiss formula. We feel that it would now 
be of considerable interest to study the various systems of mixed ferrites with 
a view to elucidating the dependences of the constants Cy, 6, 1/Xo and o on the 
composition of the ferrite, particularly since no such investigations have yet 
been carried out. For this purpose we studied several ferrite systems, deliber- 
ately choosing ferrites in which the magnetic properties vary strongly with the 
composition. Particular attention was paid to ferrites with mixed structure, 
where the ferrite gradually changes from inverted to normal. The following fer- 
rite systems were investigated: Fe 903(1 - z)NiO+zMO, where M represents Zn, Cd, 
Mg or Mn and Fe903(1 - z)Cd0°zPO, where P stands for Cu or Li. The concentration 
z was varied from 0 to 1. The ferrite parameters were measured in the tempera- 
ture range from the ferromagnetic Curie point to 1500°K. 

Figure 1 shows the temperature dependence of the reciprocal of the molar 
susceptibility for some nickel-cadmium ferrites. It will be seen that the tem- 
perature dependences of 1/X are nonlinear: the curves are concave toward the tem- 
perature axis. It should be emphasized that with transition of the ferrite from 
the inverse to the normal form the curvature gradually decreases and for simple 
cadmium ferrite there obtains an almost linear relationship. In general, an ana- 
logous pattern is observed for the other systems with similar structure. 

As regards ferrites with inverted structure, while they yield plots with the 
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Fig.1. Reciprocal of the suscepti- 


bility versus temperature curves Fig.2. Variation of Cywith 
for the ferrites: 1 - Feg0,°0.8Ni0* the composition of the 
°0.2Cd0, 2 - Feg03°0.6Ni0°0.4Cd0, ferrites. 


3 = Fe903°014Ni0-0.6Cd0. 


greatest curvature, the character of the 1/4 versus T curve does not change as 
much with composition. 2 

In order to compare the experimental results with theory it is essential to 
know the numerical values of the constants Cy, 9, 1/y, and o entering into Eq. (1). 
Unfortunately, it is difficult to evaluate these constants theoretically, not on- 
ly for mixed ferrites but even for simple ferrites. Hence we determined these 
constants from experimental data obtained by the Néel method!. Using these values 
in Eq.(1) we obtained the theoretical dependences shown by the dashed curves in 
Fig.1. It can be seen that satisfactory agreement between the theoretical and 
the experimental data is obtained only at high temperatures. It must be empha- 
sized that such agreement is observed for all the investigated ferrites, although 
the character of their 1i/y versus T curves is extremely different. Divergence 
between the theoretical and experimental curves is evinced only near the ferro- 
magnetic Curie point. Before dealing with the behavior of the mixed ferrites 
near 6, we shall consider the regularities obtained for the constants Cy, 8, 1/X% 
and oO. 
One of the important constants in Eq.(1) is Cy which, to some extent, should 
characterize the paramagnetic moment P, of the ferrite. The variation of this 
constant with 2 is shown in Fig.2. 

It can be seen that for all the ferrite systems based on nickel, Cj}, decreases 
with increase in the content of the second component, but not in direct proportion. 
From the results of an investigation of similar ferrites in the ferromagnetic re- 
gion we know that the magnetic moment P;, determined from the absolute saturation, 
at first increases with increase of z and then begins to decrease. The behavior 
of ferrites thus differs considerably from that of metallic ferromagnets, since 
it is well known that for metallic ferromagnets the variations of P; and P, are 
characterized by the same law. We must emphasize that the above argument is val- 
id only provided C;, and P, are related. 

Figures 3,4 and 5 show the dependences of the constants 0, 1/X, amd o. It 
will be evident that for almost all investigated ferrites these constants also 
decrease with increase in 2z. 

From the described general variation of the Néel formula constants it can be 
inferred that their greatest change occurs in ferrites with mixed structure. In 
order to explain even qualitatively the observed regularities we must know the 
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relationship between the molecular field constants and the composition of the fer- 
rites; this can only be obtained by investigating the ferrites in the ferromagnet- 
ic region. 

We have already noted that near the Curie point the experimental results do 
not agree with the theoretical curves given by Eq.(1). The divergence may be due 
to two factors: the presence of a magnetic short-range order and/or inhomogeneity 
of the specimens as regards composition. In order to clarify this point we inves- 
tigated some of the ferrites near the ferromagnetic Curie point. These studies 
showed that in all mixed ferrites, as in simple ferrites and metals, there exists 
a trdnsition region where the magnetic susceptibility depends not only on the ten- 
perature but also on the magnetic field intensity. The extent of this transition 
region is appreciable: for some ferrites it attains a width of 200 to 250°. 

It is an interesting fact that the wider the transition region, the greater 
the deviation of the experimental results from the theoretical curve. Our experi- 
ments have shown that the width of the transition region changes somewhat, depend- 
ing on the heat treatment. Thus heating for 10 hours at 1200° followed by quench- 
ing in water reduces the width of the transition region for some ferrites by 50- 
60°.3 In no case, however, did we observe complete suppression of the transition 
region. We note, incidentally, that for Yt-Fe, Eu-Fe and Gd-Fe garnets the width 
of the transition region is much narrower than for other ferrites («<10°). For 
these ferrite-garnets there is agreement between theory and experiment over a 
wider temperature range than for ferrites with the spinel structure. 


Conclusions 


By systematically investigating a large group of mixed ferrites we were able 
to establish the composition dependences of the constants (Cy, 0, 1/y) and o enter- 
ing into the Néel formula for the paramagnetic susceptibility. It was demonstra- 
ted that there is good agreement between theory and experiment in the range of 
high temperatures. 

Another important inference of the present work is that the magnetic struc- 
ture of a material can be qualitatively determined from the character of the 1/1 
versus temperature curve in the paramagnetic region. When the temperature depend- 
ence is linear, i.e., the Curie-Weiss law holds, for 9,>0 there obtains the mag- 
netic structure of normal ferromagnets, while for 0, < 0there is observed the 
structure of compensated antiferromagnets. As for ferrimagnets, they obey the 
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Néel law in the paramagnetic region. 
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FREQUENCY AND TEMPERATURE DEPENDENCES OF THE INITIAL PERMEABILITY OF FERRITES 
WITH THE GARNET STRUCTURE 
- G.A.Smolenskii, Chang Tsung & E.S.Sher 


In a recent brief paper! we reported on the effect of electron diffusion on 
the radiofrequency dispersion of the initial permeability w' of ferrites with the 
garnet structure. In the present article, we give the results of investigation 
of the frequency and temperature dependences of u' and uw” of these ferrites sub- 
jected to different heat treatments. 

The measurements were carried out on polycrystalline and single crystal spe- 
cimens.1 All the polycrystalline specimens were of high density (~94-96% of the 
theoretical). 

Fig.1 shows the frequency dependence of y' and uw" of a polycrystalline yttri- 
um ferrite specimen at different temperatures. This specimen was sintered at 
1450°C (holding time 1 hour at maximum temperature) in air and had a resistivity 
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Fig.2. Frequency depen § 
Fig.l. Frequency dependences of y' (1,2) uot a se mit Pap ns ee axe 
and w (1',2') of a polycrystalline yt- specimen in the zero-magnetization 
trium ferrite specimen at 100% (1,1') state (1,1') and in the remanence state 
and at 20% (2,2'). (2,2"). 
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of ~10© ohm-cm at room tempera- 
ture. The resistivity is indica- 
tive of the Fe2* ion content. It 
will be evident from Fig.1 that 
at room temperature dispersion of 


the permeability may be attribu- 
ted to a relaxation mechanism. 


With increase in temperature the 
uw’ peak shifts to the side of 
higher frequencies. In the rema- 
nence state u' decreases consider- 
ably as compared with the zero- 


magnetization state (see Fig.2). 
The magnetic spectrum of 


polycrystalline ferrites with 
high resistivity differs consider- 
ably from that of ferrites with 


Fig.3. Frequency dependences of ' (1-4) and 
w'' (1'-4') of doped polycrystalline yttrium 
ferrite specimens: 1,1') 1% MnO, 100°; 2,2") 
2% CuO, 100°; 3,3') 1% MnO, 20°; 4,4') 2% Cu0, 


20°. 


Fig.4. Frequency dependences of iu' 

of an yttrium ferrites specimen 

in the form of a frame cut from a 

single crystal at 100° (1) and at 
20°C (2). 


a low resistivity. The frequency 
dependences of w' and uw" of fer- 
rites with a high resistivity 
(p + 1010 ohm cm) at different 
temperatures are shown in Fig.3. 
The high resistivity of these fer- 
rites is realized due to formation 
of donor-acceptor pairs (as a re- 
sult of introduction of MnO) and 
by reduction in the sintering temperature of 
the specimens through addition of CuO. With 
increase in temperature the yu" peak is dis- 
placed toward lower frequencies, i.e., there 
occurs resonance of the domain boundaries. 
A similar phenomenon was observed when study- 
ing a frame cut from a single crystal with 
high resistivity (Fig.4). The frame was cut 
in the (110) plane in such a way that the 
edges of the frame coincided with the direc- 
tion of the volume diagonals of the unit cell. 

However, the resonance frequency in the 
single crystal at room temperature is an order 
of magnitude lower than in a polycrystalline 
specimen. It is noteworthy that the initial 
permeability at low frequencies of high-re- 
sistivity ferrites of both polycrystalline 
and single crystals is lower than the initial 
low-frequency permeability of low-resistivity 
polycrystalline specimens. 

The magnetic spectra of high-resistivity 
ferrites in the remanence state and in the 
zero-magnetization state hardly differ (Fig. 


5, curves 3 and 4 pertain to a nonoriented single crystal). 
It would obviously be interesting to study the magnetic spectra of the same 
specimen while varying its resistivity; this can be achieved by heat treatment 


in ‘various gaseous media. 


pe . eS 
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Hence we carried out measure- 
ments before and after heat treat- 
ment on a specimen in the form of 


single crystal. It was found in 


70 


a toroid cut from a nonoriented 


tests that reduction or oxidation 
of the whole specimen during heat 


treatment occurred only in the case 
of thin specimens. For heat treat- 
ed thick specimens, after removal 


° 


ee 


of the surface layer, the resistivi- 
ty and initial permeability were 


4 1 


the same as initially. Table 1 
gives data on the resistivity 9, 


30 


dielectric constant €' and initial 
permeability w' of a single crystal 
toroid (dj = 3.7; dg = 2.8 and h= 
= 1.8 mm) before and after heat 
treatment. 


The frequency dependences of 
u' for this single crystal before 


10* 10° 10° 10” ficps and after heat treatments are shown 
in Fig.6. 
Fig.5. Frequency dependences of w' and yw” On analyzing the results, we 
of yttrium ferrite in the remanence state note a certain correlation between 
(2,2',4) and in the zero-magnetization the resistivity and initial permea- 
state (1,1',3); 1,1',2,2' - polycrystal- bility in the low-frequency region: 
line specimen doped with 1% MnO; 3,4 - the lower the resistivity, the high- 


single crystal. 


104 10° 10° J, cps 


Fig.6. Frequency dependences of 

4" of an yttrium single crystal: 

1 - before treatment, 2 - after 

annealing in a stream of argon 

at 1400° (6 hr), 3 - after an- 

nealing in a stream of oxygen at 
900° (80 hr). 


er the initial permeability. 


Table 1 
p, €' and u' of ferrite toroid cut from single 
crystal (values measured at ~20°) 


Heat treatment 
Before treatment 
Heating in stream 


of argon at 
1400°% for 6 h 


130 
Heating in a 
stream of oxygen 
at 900% for 
80 h 82 


The conductivity of ferrites depends on the concentration of Fe2t ions and 


is determined by electron transfers (diffusion) between the Fe2t and Fe3t 
Mis therefore hypothesized in Ref.1 that electron diffusion leads to increa 
H'. It was assumed that the increase in uu! is due to some new form of mot 


ions. 
se of | 
ion of : 


ad 


lem of the magnetostriction anisotropy still remains unclear. 
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i: Table 2 
Initial permeability of ferrite solid solutions 
Final | Initial 
Composition, mole % sintering eo 
ity at 
First camponent Second component eae 
requenc 
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100% = eco es 4,5 
80% Gd3Fe Ox 20% 4,0 36,6 
80% 5 1098} GdCagZroFe3049 4.0 94 


the domain boundaries or to reduction of the magnetoelastic energy in the bound- 
ary layer, or possibly due to the development of "effective magnetic charges" at 
the boundary in the case of electron diffusion. 

However, without rejecting these hypotheses, we eannot ignore the possibility 
of change of yw" during annealing as a result of change in the domain structure 
(decrease or increase in the size of the domains), owing to the appearance or dis- 
appearance of defects in the crystal. 

It can also be seen from Table 1 that single crystals with both low and high 
resistivity have a small dielectric constant € (this was first established by Ya. 
M.Ksendzov). Hitherto it has been assumed that ferrites with a low resistivity 
have a high €. If these results are sufficiently general, then it is possible 
that the high dielectric constant of ferrites can be explained by macroheterogen- 
eity of the specimens, as was assumed earlier. 

In addition to yttrium ferrite, we studied solid solutions based on it. In 
Ref.2 we showed that in solid solutions wherein the Fe3* ions in the octahedral 
positions are partially replaced by the diamagnetic ions (sn4* , zr T14*) , there 
occurs an increase of the saturation magnetization, a lowering of the Curie point 
and, consequently, a reduction of the sublattice-sublattice exchange energy, and 
an increase of the initial permeability. We hypothesized in Ref.2 that with in- 
crease in the concentration of the diamagnetic ions the initial permeability in- 
creases due to a reduction of the exchange magnetostriction. Our basic premise 
was that with decrease of the exchange interaction energy, the dependence of the 
exchange integral on the separation between the ions weakens. However, the prob- 
For the present we 
therefore feel that we can only speak of a certain correlation between the decrease 
in exchange energy and exchange magnetostriction and the increase in the initial 
permeability of ferrites. 

Table 2 gives the values of the initial permeability for a number of ferrite 
solid solutions with the garnet structure. It will be seen that in the case of 
yttrium ferrite, as in the case of yttrium ferrite, as in the case of the rare 
earth ferrites, u' increases only as a result of introduction of diamagnetic ions 
into the octahedral sublattice. 
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VISCOSITY AND HYSTERESIS PROPERTIES OF FERRITES , DUE TO ELECTRON DIFFUSION 
- K.M.Bol'shova & T.A.Elkina 


Manganese-iron ferrites with an excess of Mn exhibit a number of interesting 
properties at low temperatures. When studying these ferrites we found an extreme- 
ly high magnetic viscosity and also observed the effect of this viscosity on the 
magnetostriction and the shape of the hysteresis loops. Doping with cobalt had 
a marked effect on all the above mentioned properties. Ferrites of the following 
compositions were studied: 


Specimen No. Formula 
1 Mnj,4 Fey,6O4 
2 Mnj,35 C0o,05 Fe1,604 
3 Mny,g Fe1,204 
4 Mny,75 Coo,05 Fe1,204 


The magnetic viscosity was measured in static magnetic fields. The region 
in which viscosity was evinced was bounded by weak and medium fields (from 1 to 
250 Oe). 

Fig.1 shows the time-magnetization curves for the No.4 specimen in a con- 
stant H = 18 Oe field at different temperatures. It will be seen that magnetic 
viscosity is clearly evinced only in a certain low temperature region. At -130° 
the magnetization continues to increase even after 2.5 days in the field. 

The effect of magnetic viscosity on the process of magnetization reversal 
was particularly significant. In some cases when the direction of the field was 
reversed the ferrite specimen remained magnetized for several hours in the direc- 
tion of the initial field. There are no references in the literature to the ex- 
istence of such pronounced magnetic viscosity. 

Fig.2 gives the reversing field dependences of the reversal or switching 
time** t)oy for specimens Nos.2 and 4. Fig.3 shows the variation of typey with 
temperature in a 19 Oe field for the same specimens. 

It will be clear from the presented data that magnetic viscosity is evinced 
especially strongly in a certain region of low temperatures (somewhat different 
for the No.2 and No.3 specimens) and in weak and medium magnetic fields (the 
"strong viscosity" field region is also somewhat different for the No.2 and No.4 
specimens). Consistently longer reversal times were obtained for specimen No.4 

*The changes in the magnetization with time were recorded by the ballistic 
method. The procedure consisted in reading the galvanometer deflection upon 
flipping the specimen out of the ballistic coil; however, in the process the 
specimen remained within the uniform field of the magnetizing coil. 


**trey is here defined as the time required for the magnetization to go to 
zero in the reversing field. 


* 
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Fig.l. Magnetization of specimen In specimens Nos.1 and 3, which did not 
No.4 as a function of the holding contain cobalt, the viscosity was evinced 
time in an 18 Oe field at differ- more weakly and in weaker fields. 
ent temperatures. We recorded the hysteresis loops for 


all the specimens in an alternating (50 
cps) field in the field range wherein magnetic viscosity is clearly evinced. The 
oscillographic measurements showed that in weak fields, where the switching times 
-are long, no true loops appear (the trace on the oscilloscope screen is an in- 
clined line). As the field is increased, there first is observed a "perminvar" 
loop, then a normal loop and finally a rectangular loop. In the field range where 
the loops are rectangular, the switching times are so short that they could not 
be measured by our method; here, too, the effect of viscosity on the shape of the 
magnetization and reversal curves is much less significant. The above described 
changes in the shape of the loops with increase of the field pertain to the case 
when the specimen was demagnetized at the temperature of the measurement; with in- 
crease of the field, the inclined line trace seen in weak fields abruptly changes 
to a square loop (Iy/Ig + 0.98) at some field intensity. 

Another feature of the hysteresis loops of the investigated ferrite specimens 
is worthy of mention. Between -100 and -150°, where the viscosity is especially 
high, with increase of the field there occurs a jump in induction, which is evin- 
ced by the appearance of a "step" in the loop. However, with increase of the 
holding time in the field the "step" gradually smoothes out and the loop assumes 
the regular shape. 

Using the method of cemented-on strain gages, we measured the saturation 
magnetostriction X, of the same specimens in a magnetizing field of 2500 Oe. The 
results for specimens Nos.1 and 2 are given in Fig.4. The effect of viscosity on 
the magnetostriction was apparent in the No.2 specimen, which contained cobalt; 
in this case the magnetostriction was strongly dependent on the method of demag- 
netization. Curve 1 in Fig.4 pertains to the case when the specimen was demagnet- 
ized each time at room temperature, while curve 2 is for the case when the speci- 
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Fig.3. Temperature dependence of the reversal time trey for specimen No.4 (1) and 
No.2 (2). H = 19 Oe. 
Fig.4. Dependence of the magnetostriction A, on the temperature and condi- 
tions of demagnetization for specimens Nos.2 (curves 1 & 2) and 1 (curve 3). 


men was demagnetized at the temperature of the measurement. As will be evident 
from the figure, the difference between the values of AX, found in the two cases 
is particularly appreciable in the temperature range where the reversal times are 
longest, i.e., where the magnetic viscosity is greatest. As compared with speci- 
men No.2, the viscosity in specimen No.1 is much lower (No.1 contained no cobalt) 
and the value of X, for No.1 is independent of the method of demagnetization 
(curve 3 in Fig.4). The behavior of specimen No.4 was similar to that of No.2; 
the behavior of No.3 similar to that of No.l. 

Our data point to a definite connection between the high magnetic viscosity 
of the investigated ferrites and their unusual hysteresis and magnetostrictive 
properties. The same mechanism is apparently responsible for this whole complex 
of properties. It will be recalled that ''perminvar" loops are exhibited by ma- 
terials in which the demagnetized state is especially stable. Stabilization of 
the demagnetized state can be realized by diffusion of atoms, ions or electrons 
if the diffusion process has the effect of superposing uniaxial anisotropy on 
whatever anisotropy is initially present; this uniaxial anisotropy depends on the 
direction of spontaneous magnetization in each domain. In this case "perminvar 
loops" appear in weak alternating fields and rectangular loops in stronger fields. 

The formation of uniaxial anisotropy in our ferrites was presumably due to 
electron diffusion, since it is difficult to imagine that effective diffusion of 
ions could occur at the relatively low temperatures involved. It is very likely 
that exchange of electrons occurs between the manganese ions of different valence. 
The diffusion processes leading to the necessary regrouping of the valences in 
the crystal lattice (a consequence of which is anisotropic distribution of the 
ions, connected with the direction of spontaneous magnetization) proceed at a 
finite rate, which depends strongly on the temperature and magnetic field. This 
explains the limiting of the field and temperature ranges wherein there are ob- 
served "perminvar loops" and rectangular loops and high viscosity in the static 
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fields. It is not clear at present how cobalt acts to increase the viscosity of 
‘the investigated ferrites and to make them more sensitive to magnetic annealing. 

The diffusion processes, which lead to stabilization of the demagnetized 
state and the appearance of the perminvar effect, at the same time give rise to 
a magnetic aftereffect of the Richter type, which is evinced in disaccomodation 
of the permeability and in the appearance of a maximum on the loss factor versus 
temperature curve. A relationship between the perminvar effect and the Richter 
type relaxation has been established experimentally for a number of ferrites.1-3 
Some question regarding the existence of this relationship stemmed from the fact 
that "perminvar" loops and effective magnetic annealing occurred in medium and 
strong fields, while the viscosity effects were observed mainly in fields of a 
few millioersted. 

In our case we established a direct relationship between the viscosity pro- 


perties of the investigated ferrites in static fields and the hysteresis charac- 
teristics in the same range of fields. 


References 


1. U.Enz, Physica, 28, 609 (1958). 
2. A.Kienlin, Z.angew.Phys., 10, 167 (1958). 
3. S.Krupicka & F.Vilim, Czechosl.J.Phys., 7, 723 (1957). 


- 1422 - 


EFFECT OF GAMMA-IRRADIATION ON DISACCOMODATION IN Ni-Zn FERRITES 
- E.I.Trinkler, V.A.Gol'din & V.B.Osipov 


In earlier studies!,2 we discovered the influence of y-irradiation on the 
effect of disaccomodation of the initial permeability in nickel-zinc ferrites. 

It was established that y-irradiation accelerates and intensifies disaccomodation, 
i.e., the process of decrease of the real part of the initial permeability with 
time. 

This influence was observed at liquid nitrogen temperature; at room tempera- 
ture the process of disaccomodation is not noticeably affected by irradiation. 

It was also found that heating to room temperature or complete demagnetization 
removes the effect of irradiation. 

Prolonged holding of the specimen after irradiation at liquid nitrogen tem- 
perature does not lead to any increase of permeability with time; on the contrary, 
there is observed a further very slow decrease of . Comparison of the permea- 
bility versus time curves recorded for specimens subjected to different radiation 
doses showed that the decisive factor is the integral dosage. 

The purpose of the present work was to determine the effect of y-irradiation 
on disaccomodation in type F-1000, F-600 and F-250 nickel-zinc ferrites at differ- 
ent temperatures in the range from -200 to 0°. 

The specimens were irradiated in the universal K-60 000 irradiator equipment 
with a Co®° source having an activity of 45 000 r.e. in the "L.Ya.Karpov'’ Physical- 
Chemical Institute.3 The specimens were placed in the cylindrical cavity of the 
irradiator (d = 180 m, h = 320 mm, V = 8 liters). The dosage rate at the center 
of the cavity* was 510 r/sec. Some of the specimens, irradiated at -125°, were 
placed in a special cryostat contained in a Dewar. The design of the cryostat 
provides for remote control of the temperature and automatic liquid nitrogen feed 
during the course of the experiment. In the cryostat the dosage rate at the cen- 
ter of the irradiator was 367 r/sec (the reduction in rate is due to the absorp- 
tion of the y-radiation in the walls of the cryostat). 

The initial permeability was measured at a fre- 
quency of 400 cps by means of a differential RH 
bridge coupled to the input of a narrow band ampli- 
fier tuned to the measurement frequency. 

In contrast to the procedure employed in our 
earlier studies! ,2, in the present measurements we 
used a demagnetizing device of the type described 
by Enz‘, 

Fig.1 shows the disaccomodation curves for a 
specimen of F-600 ferrite before irradiation and af- 
ter irradiation at -78°, -125°, and -196°. There 
is clearly evident the temperature dependence charac- 
teristic of disaccomodation: the lower the tempera- 
ture, the slower the process of decrease of permea- 
bility. It will be seen that the effect of irradia- 
tion is most strongly evinced at low temperatures 
(-196° and -125°). 


20 40 «60 ee EE ri To determine the temperature at which the in- 
, luence of irradiation becomes nil, we carried out 
Fig.1. Disaccomodation in a special experiment involving low warming of ir- 
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radiated and nonirradiated specimens. 

The resultant temperature dependences of the 
permeability are shown in Fig.2: curve 1 pertains 
to an F-600 ferrite specimen stored for 10 hours at 
-196° without irradiation; curve 2 pertains to the 
same specimen but irradiated for 10 hours. In both 
cases the specimens were warmed at a uniform rate 
for 3 hours. As will be evident the two curves 
merge at about -50°; above this temperature y-ir- 
radiation has no noticeable effect on the process 
of disaccomodation, 

We did not carry out analogous experiment with 
the F-1000 and F-250 ferrites, but it would appear 


jus 
300 
250 
200 


150 


100, from comparison of the permeability versus time 
eee 50 e100 S57) 0 : 
7, °C curves recorded for specimens of these ferrites at 
-196° and -78° that the point of intersection of 
Fig.2. Increase in permea- the disaccomodation curves for irradiated and non- 
bility with temperature for irradiated specimens lies close to the value obtain- 
nonirradiated (1) and ir- ed for the F-600 ferrite. 
radiated at -196° (2) speci- In addition to recording the disaccomodation 
mens of F-600 ferrite. curves for irradiated and nonirradiated specimens, 


we also carried out measurements of the dielectric 
loss before and after irradiation. The measurements were carried out by means of 
KV-1 and IDI-1 Q-meters and UM-3 bridge at frequencies from 100 cps to 10 Mc at 
-196°, The specimens were in the form of silver-coated disks 0.8 mm thick pre- 
pared of the F-1000, F-600 and F-250 ferrites. No significant changes in capaci- 
tance as a result of irradiation were detected. 

Although the amount of experimental material accumulated to dateis not suffi- 
cient to give a clear picture of the interaction of y-radiation with ferrites, it 
appears probable that we are dealing here with enhancement of electron diffusion, 
which is fundamental to the effect of disaccomodation. This increase in diffusion 
‘may occur for two reasons: electrons appearing as a result of the Compton effect 
ionize the ions constituting the ferrite and thereby lower the potential barrier 
for the diffusing electrons; moreover, in the process of being stopped in the lat- 
tice the secondary electrons transfer their energy to the electron shells, which, 
in turn, also leads to enhancement of the electron diffusion. 

We are planning to continue our experiments, extending their scope for the 
purpose of more complete elucidation of the character of the interaction of the 
y-rays with ferrite matter; in particular, we intend to determine the influence 
of irradiation on specimens with different contents of divalent iron. 
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CONCERNING CORRELATION BETWEEN THE ELECTRIC AND MAGNETIC PROPERTIES 


OF Ni-Zn FERRITES 
- L.I.Rabkin & Z.1I.Novikova 


In earlier contributions!~4 we showed that the properties of ferrites are 


ected by the presence in them of divalent iron ions. In the present 


paper we give the results of additional experiments undertaken for the purpose of 


determinin 
ber of Fe 


10? 


10? 


10 


ions. 


40 20 
Crea» wt. % 


Fig.1. Variation of the re- 

sistivity QP; dielectric con- 
stant €' and permeability 

w' as a function of the FeO 

content in Ni-Zn ferrites. 


Fig.2. Relation between the dc resistivity of 
Ni-Zn ferrites and the activation energy for 


conduction, 


the variation in the properties of ferrites as a function of the nun- 


For example, the conductivity and low-frequen- 
cy dielectric constant of Ni-Zn ferrites increase 
monotonically with increase in the number of Fe2t 
ions in the solid solution. On the other hand, 
the permeability increases only up to a certain 
Fe2+ concentration and then begins to decrease 
(Fig.1). 

We established a correlation between the acti- 
vation energy for conduction and the resistivity of 
Ni-Zn ferrites: it was found that the activation 
energy increases with increase of the resistivity. 
Further measurements carried out on a large number 
of specimens of different composition substantiated 
this dependence (Fig.2 and table). For some of the 
specimens we determined the precise content of Fe 
ions, which made it possible to establish the rela- 
tion between their concentration and the value of 
the activation energy for conduction, given by the 
expression 


A 
Ents 
Caelarex a: 


where X is the FeO content in percent by weight 
(Fig.3). 

Our investigations also showed that the value 
of the dielectric constant measured at low frequen- 
cies is closely determined by the value of the dc 
resistivity.° 


In most cases the frequency 
7? dependence of the conductivity 
loss tangent, tg6,, calculated 
from the value of the de resistivi- 
ty, agrees with the experimental 
frequency dependence of the di- 
electric loss tangent, tg6,.3 
The value of tg6, at the maximum 
increases with increase of the 
Fe2t ion content and as a rule 
the dielectric loss tangent peak 
shifts to the side of higher fre- 
quencies, while the activation 
energy, evaluated from the tem- 
perature-frequency dependence of 
tg6., decreases (Fig.4). 


10’ p,§2¢H 
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Values of the resistivity and activation energy for conduction 
for Ni-Zn ferrites of different composition 


eee LS WE 
Co 


Point mposition, 
No. in mole” Sintering| : 
Belo | eee | oo temp. ©C ooling P29°, Q em Ep, eV 
1 > aes, 
3 | 4 5 6 ff 8 
dk 50 een a3 50 1300 < 
low Dstt 4 
Dae dagks 50 1300 » ss . 1 ne 
Oe ee 50 50 1: one REE 
1300 » 1.48102 
4 | 45 35 50 ae a 
1300 » 1/095<108 
Be | 50 50 1200 "eh oe ne 
8 50 a 30 i Fast 3,01 x 102 0,20 
Bs 1200 » 9.67104 33 
eel ae 50 12 bone ee 
1250 . 4.03103 0,265 
lt 50 | os 
: 1300 » 9,425 5<102 0.22 
2 10 | 40 50 1300 Slow 7,61<102 0,24 
15 | 35 50 4200 y 1.68108 0/43 
Mt) 15 | 35 50 1250 » 935108 0723 
12 45 | 35 50 1350 ‘ 472X102 0/24 
B35) 145 50 1350 » 6,73 102 0794 
14 | 14,3 | 33,3 | 52,4 {200 y 1,02 108 0,405 
(045 01.36 50 1250 5 1732104 0729. 
1G 7 2h 6 | 58.4 1280 » "4,935 0,08 
Vie ig ied 50 1100 » 6,3 108 0.57 
18/45 | 35 50 1100 Fast 5.55<105 0.38 
iS Ss 50 1200 Slow 4, 26%108 0.44 
20 145 | 35 50 ae "35 
1200 eee 7.65104 0.3 
SAS nl 35 0 -. He a 
2 5 1300 > 1°05<108 0.25 
me oe ts 50 1250 Slow 1,62 103 0.275 
g(45 1°35 50 1350 » 467X102 0,23 
Ze OST 415 50 1300 , 660x103 0197 
25 | 35 | 15 60 1300 » 1.07104 0,29 
26 | 35 | 15 50 1300 Fast 2.38108 0,97 
27° | 52,6 | — 47,4 1300 . 1,74X103 0,26 
93.150 |— 50 1200 Slow 3553<¢107 0°50 
29 | 14,3 | 33,3 | 52,4 1300 » 1.285101 0.14 
30 | 45 | 35 50 1300 > 14,0108 0,26 
31 yd ee AT 4 1300 . 6175x103 0,27 
els | uae 50 1350 4125¢102 0.94 


Note: The specimens were sintered in air for 4 hours; except specimen No.15 
which was sintered for 6 hours. 


Crep » whe % 


Fig.3. Variation of the 
activation energy for 
conduction with the FeO 
content in Ni-Zn ferrites. 


The temperature - frequency dependences of the 
magnetic loss tangent tg6,, like the analogous de- 
pendences of tg6., of most of the investigated fer- 
rites have in the frequency range from 1 to 100 kc 
one or two peaks, one of which is evinced in the vi- 
cinity of the Curie point, while the second appears 
in the range of low temperatures. We obtained ana- 
logous curves for Mn-Zn ferrites (Fig.5). The second, 
low temperature peak depends on both the frequency 
and temperature: with increase of frequency it shifts 
to the side of higher temperatures. 

Investigation of the temperature-frequency de- 
pendences of tg6, and tg6. carried out on the same 
ferrite specimens, showed that the tgd6, peak at a 
given frequency lies at lower temperatures than the 
tg6. peak. At the peak the value of tgé, is 1-2 
orders of magnitude smaller than the value of tg 6.. 
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0,10 


Fig.4. Frequency dependences of the 
dielectric constant and dielectric 
loss tangent for Ni-Zn ferrite spe- 
cimens of stoichiometric composi- 


tion (25% NiO + 25% ZnO + 50% Feo03) ena 06 ; Pa 

sintered at 1250° (1) and 1300° (2): 

1 - 0.12 weight % FeO ((tg 6.) nax = Fig.5. Temperature-frequency dependence 

= 1.5; Ep = 0.367 eV); 2 - 0.25 of the magnetic loss tangent of Ni-Zn 

weight % FeO (tg 5,)max= 4.2; Ep = ferrites (Nip,3Znp9,7Fe904) sintered for 
= 0.205 eV). 4 hours at 1350° in oxygen. 


The value of the activation energy for magnetic relaxation is, as a rule, close 
to the activation energy for dielectric relaxation. 
Both relaxation processes are described by a formula of the same form, name- 
ly, 
T= T eH, 


where tis the relaxation time, HL is the activation energy for the relaxation 
process, and Tt is the time constant of the elementary process. Hence, in view 
of the near equality of the activation energies for magnetic and dielectric re- 
laxation, 1, proves to be greater for the dielectric process. 

The equivalences of the activation energies for the processes of conductivi- 
ty and magnetic relaxation? »8 , conductivity and dielectric relaxation®,? and the 
processes of magnetic and dielectric relaxation give reason to assume that all 
these processes have a common origin and are due, as our studies have shown, to 
the electrons of the iron atoms participating in exchange of valences between Fe“*t 
and Fe” , 

In an earlier paper by one of us* it was suggested that the high dielectric 
constant of ferrites is due to the strong polarization associated with the appre- 
ciable charges moving in ferrites under an applied field. The experimental data 
obtained in the present work required revision of this point of view in connec- 
tion with taking into account the characteristics of electron transfers from Fe2+ 
to Fe3* ions. The appearance of divalent iron ions in Ni-Zn ferrite is connected 
with the condition of conservation of macroscopic electric neutrality of the lat- 


tice as a result of formation in it of oxygen vacancies, which may be regarded as 
additional positive charges (so called F-centers). 
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Coulomb interaction between the positive charge of the F-center and the ex- 
cess electrons, that produce the divalent iron ions, leads to the situation where 
the electrons in the absence of a field tend to arrange themselves in the vicinity 
of the anionic vacancies in the lattice. Upon application of a field, part of the 
electrons under the influence of this field go over to the next vacancy as a re- 
sult of valence exchange between the Fe2t and Fe3+ ions. The smaller the number 
of such vacancies and, consequently, the greater the separation between them, the 
greater will be the number of Fe2+-»Fe3t electron transitions in the direction 
of the field and hence the greater will be the activation energy for conductivity. 
Thus, the electromagnetic properties of ferrites are determined by electron tran- 
Sitions of two types: 1) transitions between nearest neighbor Fe and Fe3t ions, 
and 2) transitions between Fe2* ions close to one vacancy and Fe3* ions located 
close to another vacancy. 

Transitions of the second type are actually made up of a number or series 
of transitions of the first type. The activation energy in the case of transi- 
tions of the second type will be the greater, the greater the separation of the 
vacancies and, consequently, the smaller the number of oxygen vacancies in the 
ferrites. Only transitions of the first type can occur in iron ferrite (magnet- 
ite) free of lattice defects. 

Preferential diffusion (drift) of electrons in the direction of the applied 
field leads to polarization of the specimen. When there are few divalent iron 
ions in the ferrite specimen, the polarization is low and, hence, the dielectric 
constant is small. 

With increase in the number of Fe2* ions the number of electron transitions 
between ions increases and, consequently, so does the polarization and the value 
of the dielectric constant. Upon application of an alternating field, beginning 
with a certain frequency, the electron transitions from one vacancy to another 
will not have time to follow the field, which leads to reduction of the dielectric 
constant. The smaller the separation between vacancies, the higher will be the 
frequency at which the dielectric constant begins to fall off. 

The value of tg6, in the investigated frequency interval, as was shown in 
Ref.3, is determined mainly by the conduction losses. Owing to the strong fre- 
quency dependence of the dielectric constant, tg6, may pass through a maximum. 

In this case the values of the activation energy calculated from the temperature- 
frequency dependence of tg 6, and from the temperature dependence of the conducti- 
vity proved to be equal. 

Actually, however, not all the electrons participate in the thru conduction. 
Part of the electrons (the low energy ones) are displaced under the influence of 
the field over distances smaller than the separation between vacancies. Such lo- 
cal displacements are the reason for the second tg6, peak in ferrites. The acti- 
vation energy calculated on the basis of the temperature-frequency dependence of 
this peak will be lower than the activation energy evaluated for the process of 
true conduction. 

The location of the tg6, peaks in certain frequency intervals” is, apparent- 
ly, the consequence of electron transitions realized over short discrete distan- 
ces from the F-centers, i.e., the drift process may actually consist of a differ- 
ent number of single-valence exchanges between the Fe2+ and Fe°t ions. The value 
of tg6. at the peak is determined by the number of divalent iron ions in the fer- 
rite solid solution. In the case of many specimens there obtains direct propor- 
tionality between these two quantities. Shift of the tgé. peak to the side of 
higher frequencies with increase in the number of Fe2* ions present can, apparent- 
ly, be explained by increase in the frequency of the electron transitions, con- 
nected with decrease of the separation between neighboring vacancies. The ob- 
served decrease of the activation energy with displacement of the loss tangent 
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ide of higher frequencies substantiates this inference. 
LL eae eth electron diffusion follows displacement of the inter- 
domain boundaries (domain walls) . 9910 An electron in passing from one vacancy 
to another must overcome the same energy barrier as in the case of dielectric 
relaxation and conduction; consequently, there obtains equality of the activa- 
tion energies for all three processes. In weak magnetic fields the magnitude of 
domain boundary displacements is small relative to the thickness of the domains. 
The electron oscillations, restricted by the walls, are realized only in a small 
part of the volume of the ferrite, which may be the reason for the smaller value 
of tg6, as compared with tg6.. In view of the above, the decrease of the acti- 
vation energy for magnetic relaxation with increase in the number of Fe2t ions 
can be explained in the same way as in the case of dielectric relaxation. 

The difference between the time constants t, in the magnetic and dielectric 
processes may be the consequence of different causes giving rise to electron dif- 
fusion. In the case of dielectric relaxation this cause may be the external elec- 
tric field; in the case of magnetic relaxation it is displacement of the domain 
walls. The effect of dielectric relaxation is a manifestation of a collective 
event in which displacement of each electron is connected with displacement of 
its neighbors inasmuch as electrons cannot accumulate near a vacancy. Hence the 
mean time of transition of each electron from one vacancy to another is determin- 
ed by the mean relaxation time for the whole process. The same thing applies to 
magnetic relaxation, but with the difference that in this case the intervacancy 
electron transition time is determined by displacement of the domain walis, and, 
inasmuch as wall motion under the influence of an applied field is essentially 
a low lag process and the number of migrating electrons is small, the time of 
magnetic relaxation will be shorter than the dielectric relaxation time. Dis- 
placement of electrons over distances less than the separation between vacancies 
may, therefore, in the case of magnetic losses as well, be the reason for the ap- 
pearance of the second loss tangent peak associated with a lower activation ener- 
8yY- 
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PHASE EQUILIBRIUM IN THE Fe903-Ba0 SYSTEM 
- B.G.Livshits, S.A.Eliseev, B,A.Samarin & V.A.Somenkov 


The present work was concerned with investigation of the phase diagram of 
the quasi-binary system Fe903-Ba0; the characteristics of this system are of inter- 
est in connection with fabrication of barium hexaferrite permanent magnets. 

In the study we utilized the methods of structural analysis (x-ray diffrac- 
tion and optical microscopy) , measurement of structure-insensitive magnetic proper- 
ties (saturation magnetization and Curie point) and microhardness gaging. 

The specimens were prepared by sintering mixtures of Fe 03 and Ba(NO3)9 at 


different temperatures. The compositions of the specimens are listed in the ac- 
companying table. 


Composition of the investigated specimens 


Speci— Mol %|/Speci Mal % 
men Molecular ratio BaQ |men | Molecular ratio 
No. No. BaO 


| | Fe.0s 0 12 |  Ba0-6Fe0s 23,4 
2 6 BaO-6 Fe:0, 2,7 | 43 = Ba0-6 Fe,0; 25,0 
3 ; BaO-6 Fe:03 53 1d = BaO-6 Fe,0, 26,6 
pile BaO-6 Fe:0s Bl alk ah = arxon aner 28,0 
5 BaO-6 Fe:0s 10,0 | 16 | = Bao.6 FeO, 29,4 
6 | & BaO-6Fe.0, Ba dete se 66.0; 30,8 
7 BaO-6 Fes0s 14,3 | 18-| 7 Boo. Fe0s 32,4 
8 | 7 Ba0-6 FeO, 16,3 |) 19 | © B.0.6 F605 oor 
9 | § Bad-6Fe0s 18,2 | 20 | 7 pa0.6Fe0s | 34,5 
10 : BaO -6 Fes0z 20,0 |) 24 Be 
1 - BaO-6 Fe,0s psi ee 53,3 


Microstructure and microhardness 


We investigated the microstructure of specimens Nos.1 through 20, which were 
sintered at 1200° for 8, 24 and 32 hours; the specimens fired for 24 and 32 hours 
were ground and recompacted every 8 hours. We also investigated the microstruc- 
ture of specimens obtained by sintering at 1300°: in the case of specimens Nos.1 
through 9 for 4 hours, and in the case of specimens Nos.10, 11 & 12, for 1 hour. 
It was demonstrated for the specimens sintered both at 1200 and 1300° that compo- 
sition No.7, the stoichiometric composition, is a single-phase solid solution, 
whereas after roasting compositions Nos.2-6 and Nos.8-20 are two-phase solutions. 

In specimens Nos.2 through 6 the light phase is apparently hematite, while the 
dark phase is barium hexaferrite (Ba0*G6Fe503). The structure of ferrite specimen 
No.5 after sintering for 4 hours at 1300° is shown in Fig.1,a. 

In ferrites Nos.8 through 20 the light phase is barium hexaferrite; the dark 
phage has not been identified, but we have reason to believe that it is BaO-Fe903. 
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A micrograph of the structure of fer- 
rite No.12 after sintering for 1 hour 
at 1300° is shown in Fig.1,b. All 
three phases have a virtually constant 
characteristic hardness in almost all 
the specimens sintered at a given tem- 
perature and for a given time. The 
fact that the hardness of the phases 
remains constant despite variations 
in the barium oxide content indicates 
that the composition of these phases 
is the same in all the specimens. 

With increase of the sintering 
time to 24 and 32 hours there is ob- 
served a small increase in the hard- 


Fig.l. a - Ferrite specimen No.5 (sinter- ness of the barium hexaferrite in com- 

ing for 4 hours at 1300°); b - ferrite position Nos.2,3 and 4, which may be 

No.12 (sintering for 1 hour at 1300°). taken as evidence of changes occurring 
Magnification 1000 xX. in these phases as a result of pro- 


longed heating. 
Saturation magnetization and Curie point 


We measured the saturation magnetization o, of the specimens of the quasi- 
binary Feg903-BaO system prepared by sintering at 1200° for 8, 16, 24 and 32 hours 
with intermediate grinding and recompacting at 8 hour intervals. 

As will be evident from Fig.2, the variation of o, with composition is linear 
in character with the maximum corresponding-to the stoichiometric composition (No. 
7) for all sintering times. Extrapolation of the linear plot to the right of the 
stoichiometric composition to its intersection with the horizontal axis (for 16 to 
32 hours SENS, gives the composition with 50% BaO, in which, according to the 
data of Forestier“, there exists the compound BaO:Fe903. The reason for the anoma 
lous slope of the straight line for 8 hours sintering is at present unclear; pos- 
sibly it is connected with the kinetics of formation of the nonferromagnetic phase 
BaO°Fe903 and the fact that the process of ferritization does not have time to go 
to completion in 8 hours. The linear decrease of co, with composition to both side 
of Ba0*6Fe203 indicates that in the 0 to 14.3% BaO and 14.3 to 50% BaO regions 
there exist two phases, namely, a magnetic phase (Ba0: 6Feg03) and a nonmagnetic 
phase. In the low BaO content region this is probably hematite (Fej03), while in 
the high BaO content region this is probably Ba0*Feo03. 

The Curie point measurements were carried out on the same specimens, the Curi 
points being determined from the variation in residual induction B, with change in 
temperature. The experimental results are shown in Fig.3. The fact that the Curi 
point remained constant in the BaO range from 14.3 to 50% is evidence of hetero- 
geneity of the material in this region. The lowering of the Curie point in the 
neighborhood of compositions Nos. 7-9 may be connected with the fact that there is 
a region of homogeneity (region of existence of BaO:6Fe903) in this section of the 
equilibrium diagram. 

In the region of BaO content under 14.3%, for ferrites Nos.2, 3 & 4 sintered 
for 16 to 32 hours there is observed an anomalous reduction of the Curie point 
which may be connected with change in composition or structure of the ferromagnets 
ic phase (barium hexaferrite) in the process of prolonged heating (Fig.3).3 
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Fig.2. Variation of the saturation magnetization with composition in the Fe 903- 
BaO system. 
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Fig.3. Variation of the Curie temperature with composition in the Feo903-Ba0 system. 
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X-ray phase analysis 


Specimens Nos.2 through 6, sintered for 24 hours at 1200° , were subjected to 
phase analysis. These specimens consist of hematite and barium hexaferrite; with 
increase of the BaO content in the initial batch the in- 
tensity of the x-ray lines of hexaferrite increases, 
while the intensity of the hematite lines decreases. 

In addition, we recorded x-ray diffraction patterns 
for specimens of the same composition but sintered for 
32 hours at 1200°, These specimens were also found to 
be heterogeneous. For these specimens we also determin- 
ed the lattice parameters from the lines with inter- 
planar separations d = 1.387 (@ = 44908', hkl - 20.14) 
and d= 1.088 (@ = 62930'). 

Inasmuch as the line with interplanar separation 
d = 1.088 can be indexed either as (40.11) or (328), we 

iz calculated the lattice period on the basis of both the 
Composition No. line pair (20.14)-(40.11) and the line pair (20.14)- 
Fig.4. Variation of the (328) (curves 1 and 2, respectively in Fig.4). The re- 
lattice parameters a and sults of these calculations are in qualitative agree- 
c of barium hexaferrite ment. It will be evident from Fig.4 that with increase 
as a function of the BaO of the BaO content in the initial batch the lattice 
content in the specimen. period of the barium hexaferrite along the a axis in- 
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e c axis decreases somewhat. As a result of 
The changes in the lattice parameters are 


very small, but are, nevertheless, greater than the experimental error. Such 
changes in lattice parameters should not occur in the heterogeneous region of a 


phase equilibrium diagram for a binary system. 


creases, while the period along th 
this the ratio c/a also decreases. 
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SOME POSSIBILITIES OF IMPROVING THE QUALITY OF MICROWAVE FERRITES 
- F.I.Kolomoitsev, F.F.Kodzhespirov, A.Ya.Yakunin & E.V.Sinyakov 


The quality of ferrites used in microwave engineering is determined mainly 
by their activity (rotary power) and power absorption. For a given disc (plate) 
geometry and location one must insure a sufficient effective (non-mutual) phase 
shift (or rotation of the plane of polarization) and provide for a minimum power 
loss. It is not easy to meet both these requirements simultaneously, inasmuch as 
they are, to some extent, contradictory. Nevertheless, it is feasible, by vary- 
ing the preparation technology and machining of the ferrite disc, to control the 
activity and the power loss separately. 

1. We investigated Al-Mg ferrites having the composition MgAlo, 3Fe, 704.173 
These were prepared of the appropriate oxides by the usual procedure of two-step 
sintering at different temperatures of preliminary (Tps) and final (T;,) sinter- 
ing. The ferrite plates were ground to the same dimensions and cemented to the 
narrow wall of a rectangular waveguide. The plate parameters were measured at a 
fixed frequency. 

The data given below are mean values based on measurement of 10 specimens of 
each batch. 

Fig.1 shows the variation of the effective (nonmutual) phase shift Ap as a 
function of the transverse magnetic field H for specimens sintered at Tps from 
1100 to 1300° and Teg from 1000 to 1200° (the temperatures were varied in 100° 
steps). Increase of the preliminary sintering temperature, other conditions re- 
maining equal, leads to increase of the activity (Fig.l,a). Increase of the final 
sintering temperature leads to analogous results (Fig.1,b). It must be noted, 
however, that the influence of the final sintering on the activity is of little 
significance when Tzs STps, but when Tr, > T,, the effect of the conditions of 
final sintering becomes significant, inasmuch as under these conditions the spinel 
formation goes closer to completion and the polycrystalline ferrite consists main- 
ly of coarse grains with dimensions of<2-1073 cm. At the same time there is ob- 
served increase in the density of the sintered plates (the x-ray density approach- 
es 4.5 g/cm). 

The rate of cooling after final sintering is particularly important. The de- 
crease of temperature with time in the case of natural cooling with the furnace 
is usually exponential and can be characterized by a time constant T that is dif- 
ferent for different furnace designs. It will be evident from Table 1 in which 
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Fig.l. Variation of the effective phase shift Ap with the strength of the trans- 
verse magnetic field: a - Tfg = 1100°, T,, = 1) 11009, 2) 1200°, 3) 1300°; b - 
Tps = 1100°, Te, = 1) 10009, 2) 1100°, 3) 1200°. 


Table l we compare the values for A? for plates 


Furnace No. sintered at Tyg = 1100° (4 hr) and 


1 Tfs = 1120° (4 hr) but cooled in fur- 
2 naces with different T, that in gener- 
3 al slower cooling leads to reduction 


of the activity. 

The limiting case of rapid cooling - quenching - leads to an even greater in- 
crease in activity and permeability. Ferrites sintered at Trg = 10009 and slowly 
cooled with the furnace have an initial permeability Up = 2.5, while ferrites 
quenched by rapid cooling in air have Up = 4.3. 

It may be assumed that H, and Af are determined by the structure of the final 
sintered plate, i.e., by the distribution and arrangement of the di- and trivalent 
metal ions in the A and B sublattices of the quasi-inverted spinel. 

Under conditions of the usual technology, taking into account the fact that 
the Al ions are located in the B sublattice*, it may be assumed that there forms 
a structure of the form 

Mg boas [Moa ale EF acess OMe 
Using the indicative data of Gorter” we can infer that x = 0.25. Then the satura- 
tion magnetization m per molecule (in tp) will be close to unity. Change of x by 
variation of the heat treatment conditions leads to corresponding variation of m, 
Mg and Ap. Rapid cooling - quenching - allows of partial freezing of the high tem- 
perature chaotic distribution of ions in the sublattices with «7 ~1/3. 

Experiments showed that the magnetization per formula unit, as determined by 
the ponderomotive procedure®, varies in the range from 0.78 to 1.30 with changes 
in the sintering technology. Increase of the sintering temperatures with subse- 
quent slow cooling leads to lower values of m, i.e., @ more ordered spinel, and 
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Fig.2. Variation of the attenuation in the waveguide as a function of 
the transverse magnetic field: a - Tgg = 1100°, Tps = 1) 1100°, 2) 
1200°, 3) 13009; b - Tpg = 1100°, Tgg = 1) 1000°, 2) 1100°, 3) 1200°. 


at the same time results in increase in the density p of the ferrite to the ex- 
tent that the product mp is increased and leads to increase in the activity of 
the plate. There is clear, definite correlation between the values of mp and A®@. 

Quenching of the plates by a blast of cold air through the cooling furnace, 
cooling from high temperatures in open air and quenching in salt water all freeze 
the more chaotic distribution of metal ions and lead to higher values of m and, 
accordingly, Ap. 

The above inferences regarding freezing of the ionic disorder are substanti- 
ated by x-ray diffraction studies aimed at determining the lattice constant. The 
largest constant is obtained for ferrite quenched in water (a, = 8.3475 A), the 
smallest for slowly cooled ferrite (a, = 8.3425 A) 

2. The variation of the insertion attenua- 


Table 2 tion as a function of the transverse field 
strength is shown in Fig.2. In agreement with 
Absorption, % FeO the results of Mikaelyan’, the attenuation 
Ts 7° | Tp,°° Hmin | 2 =~ 400 |wt.% varies with the field strength H and goes 
Oe through a minimum (Hmin ~ +100 to +200 Oe). 

1100 1000 15 18 0,56 Increase of the sintering temperature leads 
1100 1400 9 13 0,04 to a stronger field dependence of the attenua- 
1100 1200 11 | 0,36 tion, mea = 
hobs Reon x fe 08D i : ssieacpeas t the range from +400 to -400 
1300 | 1100 | 18,5] 28 | 0794 © (see, Tableug). 


It will be evident from Fig.2,a that in- 
crease of the preliminary sintering tempera- 
ture leads to increase of the attenuation: the loss rises markedly in going through 
1200°. This temperature appears to be critical as regards reduction of Fe 903 and 
formation of divalent iron ions.®; 

The Fe content in the briquettes after preliminary sintering at 1100, 1200, 
and 1300° amounted to 0.04, 0.33 and 0.72 percent by weight, respectively. Ap- 
proximately the same results were obtained after final sintering (Table 2). It 
is interesting to note that with increase in final sintering temperature the loss 
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in the ferrite plates passes through a minimum (Fig.2,b). Hence it appears feasi- 
ble to realize a certain reduction of the loss by appropriate choice of the final 
Sintering temperature. On the basis of the data shown in Figs.1 and 2 and the re- 
sults of certain auxiliary studies, it may be inferred that to satisfy simultane- 
ously the requirements of minimum attenuation and 4p = 90° one should strive to 
realize the following heat treatment conditions for Al-Mg ferrites when employing 
aoe with tT 15 hours: Tps = 1100-1120° (heating time 4-6 hr) and Tyg, = 1200- 
(heating time 4-6 hr). 

3. Al-Mg ferrites, like ferrites of other types® can be improved as regards 
activity and power dissipation by additional heating in an appropriate atmosphere. 
Additional heating of the plates in a stream of oxygen at 600-700° usually reduces 
the power absorption. Heating in air, however, virtually does not reduce the loss, 
ane kev in a stream of C05 leads to an appreciably increase in attenuation 

able . 


Table 3 


Magnetic field 
ety +43 Power 
Annealing conditions absorbed, % strength for 


After 


Prior 
to anneal 


Atmosphere — 


anneal 


600—700 0 247 233 

640 7 15,4 13,3 217 150 

O2 600 4 15,6 12,5 200 200 
540 5 15,4 13,6 275 225 

440 8 13,2 13,7 212 212 

CO; 640 6 15 22,3 300 229 
Ate r 640 6 15,7 15,4 280 180 


Comparing the results given in Tables 2 and 3, it may be inferred that an- 
nealing in an atmosphere of oxygen favors oxidation of the ferrous to ferric oxide, 
which leads to reduction of the absorption. 

Annealing of the ferrite plates also results in change in their activity: 
usually the activity increases, although the reverse may also occur. The change 
in activity is apparently connected with the rate of cooling after annealing. 
Forced cooling by air blown through the furnace insures an increase in activity. 

4. Our experiments have shown that there are definite possibilities for im- 
proving the quality of ferrites, i.e., that one can separately control the activi- 
ty and the power absorption, increasing the former and reducing the latter. For 
Al-Mg ferrites it is not necessary to try to realize completion of spinel forma- 
tion; one should strive to keep the sintering temperatures in the vicinity of 1200°. 

From the standpoint of enhancing the activity rapid cooling after the final 
sintering is important, provided the sintering temperature and time have been cor- 
recly specified. 

With a view to reducing attenuation one should employ sintering in an atmos- 
phere enriched in oxygen or better, pure oxygen, and one should strive to avoid 
the formation of large crystallites in the polycrystalline system. Our experi- 
ments show, moreover, that it is feasible to improve the quality of poor ferrite 


plates by appropriate annealing. 
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SYNTHESIS OF MULTIPLE COMPONENT FERRITES WITH HIGH MAGNETOSTRICTIVE PARAMETERS 
- P.L.Strelets, L.N.Syrkin & M.G. Tkachenko 


In the present report we give the results of search for and investigation of 
ferrites with high dynamic magnetostrictive parameters. The search was based pri- 
marily on the work of Refs.1-6. The ferrite specimens were synthesized by the 
usual ceramic technology. The basic initial "system" was comprised of the oxides* 
NiO—ZnO — CuO—CoO — Fe20s; for convenience this was subdivided into a number of 
"sybsystems'. 

The magnetostrictive parameters (electromechanical coupling coefficient K and 
magnetostrictive constant a) were measured by the resonance-antiresonance method 
at low inductions (B, ~ 1G) and H,= 10 Oe. This choice of the measurement con- 
ditions was dictated by the necessity of checking the properties of a large number 
of specimens, which made it impossible to investigate the H, dependence of A and 
a for each one (the magnetostrictive parameters are virtually independent of B,, 
in the range under 100 G); on the other hand, near //, = 10 Oe the value of A for 
most of the investigated ferrites has a maximum, while the increase of a with 
H, > 10 Oe does not exceed 20-30% in most cases. 

In Fig.1 we give curves characterizing the variation of the parameters K and 
aas a function of the CoFe.0, content (x) in the Ni, ,.,Zn,Co,Fe20, system ("A sys- 
tem")** for different values of the ZnFe20, content (y). These specimens were 
sintered at Tsgint = 140092. 

In all cases the peaks of K and a appear in the vicinity of «= 0.02. The 
optimum ZnFe20, content yopt = 0.1; for it a= (1.8-1.9)-104 dyn G-1 em-2, ana 
AK = 0.26 (composition No.1). 

Analogous composition dependences are observed for the "B system" (Ni Seay 
Co,Fe20,), however, in this case the a and K peaks are broader and correspond to 
values of x lying in the range from 0 to 0.01. The highest magnetostrictive para- 


meters are obtained for composition No.2 (y = 0.15 and x = 0.01): a = 1.5°104 dyn 
G-1 cm-2 and K = 0.21. 


*Except as noted, the oxides were chemically pure and reagent grade pure. 
**The chemical formulas here and below are approximate. 
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Fig.l Fig.2 
Fig.1. Composition dependence of the magnetostrictive constant «a and electromech- 
anical coupling coefficient A of Ni,_,,,Zn,Co,Fe.0, ferrites. 
Fig.2. Composition dependence of the parameters of ferrites of the 
(Nig 995 Uy o75 y —xCO,Fe20, System; Tgint = 1250°. 


The maxima in the K versus CoFe20, content curves for the mixed ferrite are 
explained, as Van der Burgt2;3 showed, by compensation of the magnetocrystalline 
anisotropy. Such compensation is possible owing to the difference between the 
Signs of the anisotropy constants K, for CoFe20,and NiFe2O, and also because K, 
for CoFe.0O, is greater in absolute magnitude than X, for other ferrites. 

It will be evident from Figs.1 & 2 that similar less sharp peaks are evinced 
in the a versus 2 curves. 

If one considers the familiar relation between the magnetostrictive paramet- 


vinta EAE 
7 Act, —— 4acp,, 


(Eis Young's modulus, u,is the reversible permeability, Ais the "sensitivity 
coefficient") taking into account the experimental dependences (Figs.1-3), it may 
be inferred that the values of wu, and A are determined by different anisotropy 
energies, so that there obtains a resultant dependence of A/ur or K/pr on the an- 
isotropy constant K1:. 

For the purpose of systematic investigation of the influence of excess Fe20s 
in the ferrite on the dynamic magnetostrictive properties there was synthesized 
the "system" Ni,_,Co,Fe20, (Fe20s),, consisting of several "subsystems". The most 
interesting subsystem - "C system'' - corresponds to the optimum CoFe.0, content 
(y = 0.02), i.e., is the "subsystem" characterized by the formula 


Nip, 98G0p,02F €20,(Fe203),. 


Curve 1 in Fig.3 shows the variation of a versus © for this "system" for 
specimens sintered at different Tsint. The maximum value of a ((2.2-2.3) -104 dyn 
G71 cm72) is obtained for composition No.3 (x = 0.025; Tsint = 13609). The elec- 
tromechanical coupling coefficient K attains a maximum value (0.3-0.32) at opt 
in the range between 0.025 and 0.035 (the value of zopt depends on Tsint). The 
electromechanical coupling coefficient K, in the remanence state attains 0.35, 
while the sensitivity constant A, in this state equals (6-7) 108 G cm? dyn-l; 
these remanence values are three times greater than the corresponding values for 
NiFe20g. 

It is known that ferrites containing Co2* and Fe2* ions are highly sensitive 
to thermomagnetic treatment.? In particular, application of heat treatment in a 


ers 
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magnetic field to this group of ferrites may 
provide the means for further increase of the 
electromechanical coupling coefficient and the 
mechanical quality. 

It must, however, be emphasized that the 
increase of the magnetostrictive parameters of 
ferrites by introduction of excess Fe2+ ions is 
accompanied by increase of the electromagnetic 
and mechanical losses. 

An appreciable reduction of the electromag- 
netic (but not mechanical) losses with conser- 
! a vation or even some improvement of the paramet- 
d TEE TRIES IER OA ers a and K can be attained by synthesis of 
multiple component ferrites containing CuFe20,. 
Thus if in ferrites of the "A system’ (Fig. 1) 
Fig.3. Composition dependence of part of the Ni ions are replaced by Cu ions’, 


pee ee ee ee 
QO! 002 893 004 005 (1) 


the magnetostrictive constant the a versus CoFe20, content curve lies appre- 
at different sintering tempera- ciably higher than the curve for the initial 
tures (Tsint indicated at the "system" even at lower sintering temperatures. 
curves): 1 - Nip 9,G09 o.Fe204 (Fes), In the case of Ni-Co ferrites containing 
"system", 2 — Nip og x CO ,o2C¥xFe201- excess Fe2O3 replacement of part of the Ni ions 
~(Fe203)p,995, System". by Cu ions also proved effective. In view of 


this, on the basis of composition No.3 ("C sys- 
tem") there was synthesized a group of specimens ("E system’) having the approxi- 
mate chemical formula Nip 9._xCoo,02Cu,Fe20, -(Fe203))4.;5,5 The measured values of the 
magnetostrictive constant in this "system" are shown in Fig.3 (curves 2, corre- 
sponding to different Tgjnt). The most interesting composition in this system is 
composition No.4 (x= 0.075) for which a = 2.5°10% dyn G-l cm-2, K = 0.38 and A = 
= (6-7):1075 G cm? dyn-1 (at H, = 10 Oe). 

Further improvement of the chemical composition of the Ni-Cu-Co ferrite led 
to the "F system": (Nio,925 Cuo,075), _ COx - FeO4(CoFe,0,), (Fig.2). With increase of z the 
mechanical quality of the "F system" ferrite monotonically decreases, while the 
sensitivity coefficient A increases (apparently the maximum of A lies in the range 
of large *). The @ and K curves exhibit maxima: dmax = 2.9-104 dyn G7! em=?; 

Kmax = 0.4. 

It will be evident from Fig.2 that the maximum values of a and K in this sys- 
tem are exhibited by the ferrite with + = 0.01 (composition No.5). The optimum 
temperatures for obtaining the maximum values of a and KA differ somewhat: they are 
1300 and 1250°, respectively. 

Some difference between the optimum temperatures corresponding to the peak 
values of a and Kis in general characteristic of the Ni—Zn—Cu—Co and Ni—Cu— Co 
Systems, in contrast to the simpler (Ni—Cu and Ni—Zn—Co ferrite systems. This 
temperature dependence provides the means for controlling the properties to suit 
the particular technical requirements (Fig.4). 

Wse of technical grade raw materials instead of chemically pure oxides leads 
to reduction of the optimum values of Tsint (compare curves 3 and 4 in Fig. 4) ; 


this is undoubtedly due to the presence of impurities, which play the role of 
mineralizers, 


net es SS ee TY es ee ee ee ce ee es ee 


*We designate the (Nio,ssCuo,15) ; . Co,Fe,0, |“SyStem" as the "D system". 
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Fig.4. Variation of the magnetostrictive constant a and electro- 

mechanical coupling coefficient A of different ferrites as a func- 

tion of the sintering temperature Tgint: 1 - Nig,g5Cuo,15Fe204, 

2 - Nig, 732ng ,1CuUp,15C% ,og2Fe204, 3 - Nio.ggZno,1Cop o2gFe204 (pre- 

pared of chemically pure oxides); 4 - Nio,ggZng,1Co9,o2Fe204 (pre- 
pared of technical grade raw materials. 


5) characterized by higher values of K, a and A, as compared with earlier known 
compositions. 

We feel, however, that the possibilities of improving the properties of fer- 
rites - even of those belonging to the investigated "system'' - have not been ex- 


hausted and that further research should bring to light other ferrites with superi- 
or parameters. 
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FERRITES WITH HIGH SATURATION MAGNETIZATION AND A NARROW RESONANCE ABSORPTION 
LINE AT MICROWAVE FREQUENCIES 
- V.A,Fabrikov, Z.M.Gushchina & V.D. Kudryavtsev 


We have developed a number of new types of ferrites characterized by a high 
saturation magnetization and a narrow resonance absorption peak at microwave fre- 
quencies. Some of these - specifically those designated P-28, M-55 and M-258 - 
may prove of practical value for use in microwave rectifiers and similar equip- 
ment. 

Pp-28 ferrite in an improved modification of type P-1 Mg-Mn-Zn ferrite!., It 
has the following composition: Feg903 - 53.55, MgO - 6.76, MnCOg - 30.35, and ZnO 
- 9,34 percent by weight. P-28 ferrite has the following characteristics: satura- 
tion magnetization M, = 3200-3400 G, resonance line width at a wavelength of 3 cm 
AH = 50-70 Oe (for individual carefully polished specimens one can obtain AH < 40 
Oe) , Curie temperature Te = 170-180°C, de resistivity ep = 10? ohm-cm. Preliminary 
sintering in briquette form is carried out at 900° for 6 hours; the final sinter- 
ing is effected in air at 1370° for 5 hours with subsequent cooling in vacuum with 
the furnace switched off. 

M-55 ferrite, which is an improved modification of M-50 ferrite, has the fol- 
lowing composition: Feo03 - 63.79, NiO - 20.95, MnCO3 - 4.89, and ZnO - 10.37 per- 
cent by weight. This ferrite has the following characteristics: Mg = 4300-4500 G, 
OH = 230-250 Oe, Toe = 330-350°C , p = 10.7 ohm-cm. Preliminary sintering - 2 hours 
at 1100°; final sintering in air at 1300° for 4 hours. 

M-258 ferrite was developed on the basis of the American Ni-Zn-Mg-Mn ferrite 
marketed under the trade name "Ferramic C" (Ref.2) by the addition to it of 20 
mole percent copper oxide. It has the following characteristics: M, = 4600-4800 
G, AH = 120-140 Oe, Te = 300%, = 10° ohm-cm. This ferrite is prepared of a 
mixture having the following composition: 66.38% Feo03, 8.11% ZnO, 9.93% NiO, 
7.63% MnCO3, 1.34% MgO and 6.61% CuO. The compacted briquettes are first fired 
at 600° for 2 hours; the final sintering is carried out in air at 1150°C for 20 
hours. 

All the developed ferrites were tested at liquid helium temperature. The 
test procedures and measurement results are given in Ref.3 (following article). 

At this temperature the ferromagnetic resonance line for polycrystalline speci- 
mens is appreciably broadened, attaining a width of 800 Oe (M-258 ferrite) or 
more (P-28 and M-55 ferrite). 

The saturation magnetization at helium temperatures increases only slightly 
(it rises to about 5600 gauss for M-258 ferrite). 
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MEASUREMENT OF THE PARAMETERS OF FERROMAGNETIC RESONANCE IN POLYCRYSTALLINE 
AT LIQUID HELIUM TEMPERATURE 


- G.S.Misezhnikov, Ya.I.Rozenberg & V.B.Shteinshleiger 


In the present report we give the results of observation of ferromagnetic 
resonance in polycrystalline ferrites with a high saturation magnetization at 
liquid helium temperature (4.2°K). Specifically, we measured the band width AT 
and the external field at resonance H, for specimens in the form of spheres and 
thin disks. From the observed values of Hy, we determined the saturation magnet- 
ization ,. 

For measuring these parameters of ferromagnetic resonance with a wide absorp- 
tion band (21000 Oe) we used the following simple but accurate procedure. With 
sufficiently slow change of the magnetizing field H, its strength can be varied 
in the wide range necessary for observing broad resonance lines on the screen of 
an oscillograph with a long persistence. The microwave frequency detector is 
coupled, via a dc amplifier, to a low frequency oscillograph with a long persist- 
ence screen. The sweep of the oscillograph is synchronized with the variation 
of the magnetizing field by applying to the horizontal deflecting plates a volt- 
age proportional to the current in the winding of the electromagnet. The block 
diagram of the set-up is shown in the accompanying figure. 


ac line 


Block diagram of the experimental set-up: 1) klystron, 2) load, 3) fer- 

rite circulator, 4) cavity with ferrite specimen, 5) cryostat with liqu- 

id helium, 6) attenuator, 7) detector, 8) dc amplifier, 9) oscillograph 

with long persistence screen, 10) electromagnet, 11) rectifier, 12) auto- 
transformer. 


In varying the strength of the magnetic field in the appropriate range by 
means of the autotransformer 12, there is observed on the oscillograph screen 9 
atrace of the ferromagnetic resonance absorption, and the horizontal deflection 
of the beam gives the value of the field H. To minimize errors in measuring the 
line width, connected with the influence of dispersionl, the cavity-waveguide 
coupling was chosen large enough so that the loaded Q was appreciably smaller than 
the Q of the cavity with the ferrite specimen at ferromagnetic resonance. 

The resonance band width AH was measured at half power of the maximum absorp- 
tion in a spherical specimen. For the same specimen we also determined the value 
of the component H, of the anisotropy field in the direction of the external field 
Hs 
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) 
ie = sp 


where © is the angular frequency of the signal, 7 is the gyromagnetic ratio, and 
Hsp is the external field at resonance for a sphere. 

The saturation magnetization /, was determined for agthin disk magnetized 
tangentially to its plane, making use of Kittel's formula’ which in this case can 
be written in the form 

i 
2 


wo = 7 {Hy [Hy + (4n — 3N,) My]}* , (1) 


where H,—Hq--H,(Hqis the value of the external field at resonance for the 
disk) and NV, is the demagnetizing factor in the direction of the external field. 

The factor NV, was determined experimentally at 293°K, using formula (1), on 
the basis of the observed value of H, and the value of the saturation magnetiza- 
tion /, determined by the ballistic procedure. 

The measurements were carried out at a wavelength of 3.2 cm in a cylindrical 
cavity (diameter 22 mm) excited in the Hj1] mode. The cavity with the specimen 
was immersed in a cryostat with liquid helium and the entire assembly was mounted 
between the pole pieces of the electromagnet. 

For the measurements we had a number of different ferrites with high satura- 
tion magnetization, namely, Mg-Mn ferrite type P-28 and Ni-Zn ferrites types M-55 
and M-258 (Ref.3 - preceding article). 

The best results (i.e., the narrowest resonance line) were obtained for M-258 
ferrite (composition: 66.38% Fe903, 8.11% Zn0, 9.93% NiO, 7.63% MnCO3, 1.34% MgO, 
and 6.61% CuO). Somewhat poorer results were obtained for the M-55 ferrite. In 
the case of the P-28 ferrite specimens the resonance line at 4.2°K was so greatly 
smeared out and the resonance intensity was so low that no accurate measurements 
could be made. 

The values obtained for 
M-258 ferrite as a result of 


Parameter | Is 293°K At 4,2°K Remarks ree es eraaoeens in 
e form of a 0.5 mm sphere 

Tote 3015 pen and a 0.16 mm thick disk 1.17 

oC mm in d 

nb, OE 1720 850) eS Kein test n diameter are given in the 

Heo fied table. 

TT Oe “it of disk Thus it will be evident 
H,, Oe ee em «hie hastens that in the investigated poly- 
M,, G 380 150 crystalline ferrites the width 


of the ferromagnetic resonance 


band broadens appreciably at 
liquid helium temperature. The narrowest band width (800 Oe) was observed for 
the M-258 Ni-Zn ferrite. 


We desire to thank V.A.Fabrikov and A.G.Gurevich for helpful discussions. 
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CHANGE IN CONDUCTIVITY INCIDENT TO MAGNETIZATION AND MAGNETIC ANISOTROPY 
IN FERRITE SINGLE CRYSTALS OF THE Mn;Fe3-,04 SYSTEM 


- K.P.Belov & A.V.Zalesskii 


Until recently it was assumed (for example, see Ref.1) that the magnetic an- 
isotropy constant K, of ferrites with the spinel structure, with the exception of 
compositions containing Co ions, is constant. However, as was shown by Penoyer & 
Shafer? and Subsequently by Funatogava et als, in solid solutions of magnetite 
with manganese ferrite (general formula Mn,Fe3.,04) the anisotropy constant K, at 
room temperature goes through zero twice and is positive in the 0.6 <x < 0.8 in- 
terval. This fact was surprising, for there was no reason to expect that in solid 
solutions of two close isomorphous substances characterized by a negative constant 
there will be observed violation of additivity in the variation of the magnetic 
anisotropy energy. One of the possible reasons for this anonaly may be connected 
with the variation of the ion distribution in going from inverse spinel (magnetite) 
to almost normal spinel (manganese ferrite)3. It may be inferred from the data in 
the literature, however, that in solid solutions of spinels of the same (inverse) 
type (magnetite + nickel ferrite) a number of intermediate compositions at room 
temperature have a smaller anisotropy constant than the end compositions (in 
Nij,oFeg.904 Ai = -63-103 erg/cm3 (Ref.4), in Nig, 95Feg.0504 K, = -68°10% erg/cm? 
(Ref.5), in Nio,75Fe2,2504 A, = -49-103 erg/cm3 (Ref.5), in Nigo,gFeg,904 K; = -39° 
"103 erg/cm? (Ref.4) and in Fe304 K, = -108°103 erg/cm> (Ref.6)). 

The ferrites of the Mn,Fe3.,04 system have a number of distinctive magneto- 
strictive and galvanometric properties. It is known, for instance, that magnetite 
is characterized by the magnetostriction constants )i00 = -19°107§ and Ai = -81° 
-1076 (Ref.4) , while Mno,9gFe 1.8604 is characterized by i,..= -14°10-6 and Ieee Re} 
= -1-10-6 (Ref.4). In going from manganese ferrite to magnetite there occurs a 
change in the sign of the magnetostriction in the [111] direction. According to 
the indirect measurements of Braginskii’, this change is observed in the x = 1.00 
to 1.06 interval. The anisotropy of the change in resistivity under the influ- 
ence of magnetization (an even effect analogous to magnetostriction) in magnetite 
is characterized, in the "two-constant approximation", by the constants /19) = 13° 
°1074 and h,,, = -6°10-4 (Ref.8), while in Mn ferrite with x = 1.12 hioo = 4.425° 
1073 and /);1; = 0.9°10-3 (Ref.9). Consequently, the longitudinal galvanomagnetic 
effect in the {111|] direction must change sign in a certain concentration interval. 

In the present report we give the results of measurements of the temperature 
dependence of the magnetic anisotropy constant X, for the Mn,Fe3.,04 system in the 
temperature range from 20° to 300° (measurements in the range of lower tempera- 
tures were carried out by Penoyer & Shafer2) , and also of the composition depend- 
ence of the galvanomagnetic effect constants at room temperature. The anisotropy 
constant was measured by the torque procedure on spherical specimens. The single 
crystals were grown by the Verneuil technique and analyzed for composition by A.A, 
Popova in the Institute of Crystallography. The same specimens were used for 
measuring the variation in resistivity (for these measurements the spherical speci- 
mens were reduced to thick disks by grinding off the top and bottom of the spheres 
parallel to definite crystallographic planes). Detailed results of the anisotropy 
of resistivity measurements will be found in Refs.8 and 9. 

Studies showed that for satisfactory description of the anisotropy of the 
variation in resistivity due to processes of technical magnetization in the 
Mn,Fe3.,04 system it is sufficient to use the two constants h,,, and h,,, in the 


even effect law 2 3 { 
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Fig.l. Variation of the galvanomagnetic effect constants /j9) and /,,, and the mag- 
netic anisotropy constant A, as a function of the composition parameter x in the 
Mn,Fe3_,04 systen. 
Fig.2. Temperature dependence of the magnetic anisotropy constant K, of 
different ferrites in the Mn,Fe3_,04 systen. 


Only in the case of magnetite is better agreement with experiment obtained 
by using the five-constant formula. 

Fig.1 shows the variation of the magnetic anisotropy constant and the con- 
stants h,,, and h,,,, characterizing the longitudinal galvanomagnetic effect in the 
[100] and [111] directions with variation of the composition parameter x at room 
temperature. The variation of the anisotropy constant is in general agreement 
with the results obtained by Penoyer & Shafer? and Funatogava et al3. The sole 
difference is that the region of positive values of K, is shifted somewhat to the 
side of higher values of x, which may be due to the fact that owing to local fluc- 
tuations the composition in the parts of the single crystal specimens taken for 
chemical analysis differed slightly from the composition of the specimens used for 
the measurements. The strong composition dependence of K, in the region of the 
“isotropic points" leads to strong dependence of the constant on inhomogeneities © 
and other defects in the crystal. We observed the interesting fact that in some 
specimens with a composition close to the "isotropic point" the easy magnetization 
axes did not agree with any "simple" crystallographic directions. It was found, 
however, that reduction of the specimen diameter almost always led to elimination 
of this effect. 

It will be evident from Fig.1 that the longitudinal galvanomagnetic effect 
in the [100] direction remains positive for all compositions, whereas the longi- 
tudinal effect in the [111] direction changes sign. The change in sign occurs ap- 
proximately for compositions that are characterized by the dip in the magnetic 
anisotropy constant curve. Thus there is yet another anisotropic property that 
undergoes a marked change in going from manganese ferrite to magnetite. There is 
evinced a definite correlation between the magnetostriction and the change in re- 
sistivity under the influence of magnetization. As was noted above, the magneto- 
striction constant 4111 changes sign (although at other values of x and in the op- 


posite sense compared to hii), While the constant iji9) remains negative for all 
compositions. 
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The temperature dependences of the magnetic anisotropy constant K, for a 
number of different compositions in the Mn,Fe3_,04 system are shown in Fig.2. 

The general regularities of these dependences are the following. In the 0.87 to 
1.55 range of x the constant is negative at all temperatures. With increase of 
temperature the constant gradually decreases. In the x = 0.69 to 0.85 range 
at room temperature is positive. With increase in temperature the constant first 
increases somewhat and then falls off approximately linearly. In the x = 0.43 to 
0.69 range K, is negative at room temperature. With increase of temperature K, 
changes sign (this does not occur for compositions located on the right-hand 
branch of the K, curve with x > 0.84 in Fig.1). With decrease of x from 0.69 to 
0.43 the "isotropic point" shifts to the side of higher temperatures, and the 

positive component" of the anisotropy constant decreases. According to our evalu- 
ations (on the basis of the torque curve in the (110) plane) , the maximum possible 
contribution of the constant K, at the K, = 0 points does not exceed 103 erg/cm? 
in absolute value. 

Measurements of the temperature dependence of the change in resistivity under 
magnetization showed that in the 0.6 < x< 0.7 region the constants yy, and hyy 
decrease linearly with temperature and do not undergo any marked changes at the 
temperatures where K, changes sign. 

We take this opportunity to express our gratitude to A.A. Popova for preparing 
and analyzing the ferrite single crystals. 


Institute of Crystallography, 
Academy of Sciences of the USSR 
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THE LOW-FIELD MAGNETIZATION OF MANGANESE FERRITE 


DEPENDENCE OF 
TEMPERATURE - E.F.Kovtun & A.S.Mil'ner 


1. Phase transitions are observed in magnetite (Fe304) at about 110°K and aoe 
cobalt ferrite (Co0Feg03) at about 90°K. Below these temperatures the Sy eee 
of the doubly and triply ionized metal ions in the spinel type lattice is ordered, 
while above these temperatures disorder obtains.1,2 Incident to the phase Seeanoe 
tion the magnetic symmetry of the ferrites changes. Thus in magnetite above 110 
there are four directions of easy magnetization of the [111] type, while below 
110°K there is only one easy direction. When these ferrites are heated in a mag- 
netic field (weaker than the saturation Sess the magnetization in going through 
the phase transition point increases abruptly. -6 Cooling of these ferrites in a 
magnetic field stimulates such transfer of electrons between the divalent and tri- 
valent ions that the only easy magnetization direction appearing incident to tran- 
sition through the phase transformation temperature is more or less aligned with 
the applied field. Thus the specimen proves to be “magnetically textured and the 
magnetization of such a specimen changes little in going through the phase trans- 
formation temperature. If such a specimen is heated in a field oriented perpendi- 
cular to the field applied during cooling, the jump in magnetization becomes par- 
ticularly great, 3-6 

2. In manganese ferrite (MnOFe903) there was observed in weak fields (2-3 Oe) 
anomalous variation of the magnetization in the 320 to 120°K temperature inter- 
val.’,8 In contrast to the anomaly in magnetite and Co ferrite, in which a sharp 
decrease in magnetization occurs in a narrow temperature interval (5-12°) , in Mn 
ferrite the decrease in magnetization extends over a range of 200° (from 320 to 
120°K). In magnetite and Co ferrite this magnetization anomaly is observed not 
only in weak fields but in fields up to 1000 Oe and higher. In Mn ferrite this 
effect is observed only in weak fields (<10 Oe). Belov & Nikitina? made a detail- 
ed investigation of the temperature variation of the galvanomagnetic and electric 
properties of Mn ferrite. The character of the observed anomalies also indicates 
that in Mn ferrite there also occurs rearrangement of the electron energy spectrum 
in the low temperature region and that this may in fact be more complicated than 
occurs, for example, in magnetite. 

3. In order to compare the processes occurring in Mn ferrite with the trans- 
formations taking place in magnetite and Co ferrite, we measured the variation of 
I of manganese ferrite single crystals in the temperature range from liquid nitro- 
gen to room temperature in three cases: 1) the ferrite was cooled beforehand in 
zero field, 2) the ferrite was cooled in a magnetic field, and 3) the ferrite was 
heated in a field oriented perpendicular to the field applied during cooling. The 
measurements were carried out by means of a pendulum magnetometer®?;10 in relative 
units. In the first case during heating the temperature dependence of the magnet- 
ization is analogous to that described by Okamura & Simoizaka? (curve a in the ac- 
companying figure), i.e., the magnetization increases with increase of the tempera- 
ture from 80 to 280°K. In the second case the magnetization at 80°K was found to 
be greater than in the first case and in heating gradually decreased (curve b). 

In the third case the temperature variation of the magnetization during heating 
is of the same character as in the second case. 

In addition to the magnetometer measurements, we determined the induction of 
the Mn ferrite by the ballistic procedure in a field produced by Helmholtz coils 
at room temperature and at liquid nitrogen temperature after cooling in zero field 
and after cooling in a 5 Oe field. The data obtained by this procedure do not 
differ significantly from the results of the magnetometer measurements. 

4. Thus the first two cases are reminiscent of the temperature variation of 
the magnetization in magnetite and Co ferrite in analogous cases with the signifi- 
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cant difference, however, that the temperature range 
in which the magnetization changes is appreciably 
greater in the case of Mn ferrite. In the third 
case, however, when the heating was carried out in 
a field oriented perpendicular to the direction of 
the field applied during cooling, the behavior of 
the Mn ferrite differed significantly from that of 
magnetite and Co ferrite under like conditions. In 
magnetite and Co ferrite in this case the magnetiza- 
tion proved to be lower than in the case of cooling 


4 


| in the absence of a field; this may be explained by 
019g ta -:190 220 260 306 the fact that the magnetization was effected in the 
Pus direction perpendicular to the easy direction. In 
Temperature dependence of contrast, in the case of Mn ferrite, in heating a 
the magnetization of Mn magnetic field always increases the magnetization 
ferrite. regardless of whether this field is parallel or 


perpendicular to the field applied during cooling. 
This observation shows that if there does occur rearrangement of the electron 
energy spectrum in Mn ferrite in the region of low temperatures?, this rearrange- 
ment must be considerably more complex than in magnetite. 


"A.M.Gor'kii" Khar'kov State University 
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BEHAVIOR OF DOMAIN STRUCTURE DURING MAGNETIZATION 
- V.A.Ignatchenko, I.F.Degtyarev & Yu.V.Zakharov 


Experimental studies have shown that in a thin iron single crystal plate, 
cut parallel to the (011) planes, there is, as a rule, established the simplest 
domain structure with antiparallel domains. Few if any closure domains form ow- 
ing to the high anisotropy energy. In exceptional cases there are observed ir- 
regular reverse magnetization spikes at the edges of the crystal. 

The present work was devoted to investigation of domain structure of this 
type. It must be noted that in transformer steel most of the crystallites are of 
the (011) type with the [001] direction in most of them oriented in the direction 
of rolling. Hence with good approximation one can regard "polycrystalline" speci- 
mens of transformer steel as single crystals of the (011) type and, therefore, ap- 
ply to them the results of the present investigation. 


1. Demagnetizing field energy 


In calculating domain structure with free poles, the basic problem consists 
in taking into account the energy of the demagnetizing fields. The problem for 
the case of periodic distribution of the poles over an infinite plane x0y was 
solved by Kittel! and in somewhat more general form by Goodenough?. Below we re- 
capitulate the latter's deductions with a view to eliminating some of the inaccu- 
racies. 

The space in the —z<z< 0 layer is filled with the ferromagnetic substance, 
which is broken up into domains with their magnetization vectors parallel to the 
z axis. In the ;=(0 and z=~—z, planes there form magnetic poles with a surface 
density w(z, y) that is periodic along the zx axis with a period 2nL, and along the 
y axis with a period 2n/,. From symmetry considerations it will be evident that 
the energy density of the demagnetizing field per unit area of one of the surfaces 
will be given by 

27 an 0 
T= — gala) dn | H.E.n 206, nae, a.0 
0 0 


Zo 


2 


where —=«/L, and y»=y/L,. In order to find the demagnetizing field H,, we must 
solve the equation 


Vip = 0. (1.2) 


We separate the potential into three parts: '') - the potential in the space 
above the ferromagnet layer, () - the potential in the layer, and 9°) - the po- 
tential below the layer. 

Expanding each potential in a double Fourier series 

-+00 -tco 
P(t, Y¥,2)= >) >) Qian (2) ef (mEtna) | (1.3) 
beret toon 
where 
oe 
Pmn (2) = ane \ \ @ (é. 1,2) etme nn) ge dn, 


O56 
and inserting these into (1.2), we obtain our solution in the form 
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2 
where Pin = (m/L.)? + (n/ Ly). We determined the constants A“) and B*) from two 
conditions at infinity, two conditions for conjunction and two conditions for 
discontinuity of the field at the layer boundaries. From the expressions for 
gp?) we obtain 


—Pmy(Z+20) Pmuz 


a) m 
HL zy = — SEM = — BAW py (€ +e ye (1.4) 


mn is the coefficient of the expansion of the magnetic field 1, in the 
double Fourier series 


+oo -Loo 


Hz (2, 4,2) = >) Dd) Hemnet metre) , (1.5) 
—0oo —0oo : 
Inserting (1.5) in (1.2), noting that ® , = m—n and integrating over z, we 
obtain 
ee area) 
oo 2Tw? Zo + 20 ss St On, Oneill — eo en) (1.6) 
—co —co 


where the primes indicate that the term with m—n=0is excluded from the summa- 
tion. 

For the case when the surface density of the poles is periodic only along the 
x axis and does not depend on y» ("infinitely thick” crystal) we readily obtain 


+00 
Vm 20022, + 2nL, yee 1 Sans) (1.7) 
—0oo 


| m | 
where 


QT 


sq \o(e) emma. 


0 
Of greatest practical interest is the case when the surface magnetic pole 
density is periodic along «x and vanishes everywhere along y except for the inter- 
val (—y,/2,y/2). In this case the problem, which is analogous to that considered 
above, is solved by expansion of ¢, H, and w in a Fourier series in x and a Fourier 
integral in y: 


Om = 


reo +00 
o(z,y)= >) \ Wm (v) eb (mEHeU dy, 


OC means 


zoo 27 
— 1 7. a ae 
On, (0) = Be \ dy \ of, y) e-t (me+eu) dE 
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and so on. Finally, we obtain the formula 


Wn = 4m? e @ (2) @ io- V4 —lv|20) dy — Ax? he ie Om (v) on (—v) —QnZ0 (1 8) 
‘m Yo J lv! e 2 ) Sate (le )dv, : 


where Q2 (v) =v? + (m/L,)?. The exponential in the last term can be dropped for 


Z S>1. Lastly, for the case of a crystal with finite dimensions 72), ¥,2), expand- 
x 


ing o(z,y) in a double Fourier integral, we obtain 
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2. Domain structure and its behavior in a magnetic field - calculation 


Consider a domain structure of the type shown in Fig.1. Such a structure is 
established in an iron crystal if the 70z plane of the crystal is parallel to the 
(011) planes, the [001] axis is aligned with the z axis and y, is small compared 
with z, and %. 

Initially, however, we will neglect the last condition and make use of Eq. 
(1.7), which is valid only for very large ¥%. This greatly simplifies the calcu- 
lations and enables us to obtain some of the features of the behavior of the do- 
main structure in explicit form; one should not, of course, expect to obtain quan- 
titative agreement with experiment. Applying Eq.(1.7) to this structure and util- 
izing the approximation z,/L, => 1, we obtain 


OP DE (aK, (2.1) 


im = 2no*(1 — g)*z)+ & 


where ile es ming 
A ass em 


m3 


? 


2D = d, +d», q = dy/D. 


Functions of the form of /(7) and their derivatives have been tabulated by 
Kitover?, 

For determining the free energy (per unit volume of the crystal) , which con- 
sists of the energy of the demagnetizing field, the domain wall energy and the 
energy of the external magnetic field H (directed along the z axis), we have the 
expression 
8a? 


F (D,q) = 2x0" (1 — 9)? + 5a Df (q) +  — oH (1—9), (2.2) 
where y is the surface density of the wall energy. For an "ideal" domain devoid 
of reverse magnetization spikes (or other irregularities) both at the edges and 
at any inclusions, w—/J,. If this condition is not fulfilled, then by w one 
should understand a certain mean or effective magnetization of one domain. 4 

From the conditions for minimum energy 


OF (D, q)/@D =0, AF (D,q) /aq =0 


we obtain the following relations describing the equilibrium domain configuration 
for any value of the external field JH: 


=e 
o L8F@)J ° (2.3) 
scale A ’ ell tl ie a 
Meee AC dimen hina: (2.4) 


For o 10%, 41, and y= 1.8, the initial value of D, i.e., D, - the width 
of the domains in the demagnetized state, will be ~10-3; in this case the second 
term in (2.4) can be neglected and the magnetization curve will be a straight line 
and the susceptibility y, will equal 1/4 (the experimental values of D. and Yy 
for a specimen in the form of a disk with z= 1.5, and y, = 3°1072 are ~4*10-2 
and 6, respectively). 
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Fig.l Fig.2 Fig.3 
Fig.1. Analyzed domain structure. 
Fig.2. Theoretical field dependences of the domain structure parameters D/D),q and 
d2/D,) (Hg is the saturation field). 
Fig.3. Schematic representation of change in the domain structure with 
increase of the field. 


The field dependences of ) and qg given by Eqs.(2.3) and (2.4) are shown in 
Fig.2. It is interesting to note that the domain width D increases with increase 
of the field. This means that magnetization must be realized not only by decrease 
in the width of the disadvantageously magnetized domains but also by "spreading 
out’’ of the other domains; these results are shown schematically in Fig.3. 

Now let us attempt to take into account finiteness of the crystal along the 


y axis. Application of Eq.(1.8) to the structure shown in Fig.1 leads to the ex- 
pression 


oS Up —|ulz -L00 +00 »g WO) 
4@? > ( sin? —(1—e ; ’ Sie SA! 6 
aah (1 q)? \ 2 ( : ) ! be y, 41 —— COE 2 : (2.5) 
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where, unfortunately, strict integration in the second term is impossible. 
The first term in (2.5) differs from the first term in (2.1) by the coeffi- 
cient 


ig Fer z2 
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: 


TY 929 ¢ 


K= 


= 2 ee Yong Yor £9 ) z Yo 
ein = 2| arte + in ($44) n(S44)], (2.6) 


u3 
The integral under the summation sign 

cr sin? “3 du z sin? =5 du 

out Vepe 5 V+ a 

may be calculated as follows. The main part of the integrand is concentrated in 


the section 0<u<2n/y,, where 2n/y, is the first zero of the function under the 
integral. The integration interval may be divided into three parts: in the sec- 


= 2G, 


tion {[0,2n/45y,] the integral is obtainable if one expands sin? “fe into a series and 


retains only the first term; in the section [2m/45y, 20/y,] the integral may be cal- 
culated by means of Simpson's formula (for 7 = 4); in the section [27/y,,«] the 


mean value of einiees is taken out from under the integral and the remaining ex- 
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pression is integrated. Then we obtain 


2 ‘ ; [WAT 72.1073 
o-. 2D il oe, 4,872 
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D2 
272m? ~ 


+ 2H VED ise tm 


472m? 


(2.7) 


Consequently, taking into account finite thickness of the crystal, Eq. (2.2) 
becomes 


9 9 8 2 
F (D, q) = K (#) 2a? (1 — q)*+-33- DY (D/ Yo. 9) + 5 — oH (1—9), as 


where 
4 1 — cosma 
YW (D/ Yo. 9) = 2) ——a *G. 
m=1 


From the condition of minimum energy there were obtained complicated equa- 
tions which were investigated graphically. It was established that for y =~ 1072 
the value of D differs little from the value of D for an infinitely thick crystal 
(Eq.(2.3)). For the susceptibility there was obtained the approximate expression 


hy | 4k (%) ] z (2.9) 
“0 

which yields a value close to the experimental one (4% = 2.5 for y/z = 0.02). 
The character of the change in domain structure with increase of the field in this 
case as well is illustrated in Figs.2 and 3. 

An attempt to allow for finiteness of the crystal dimensions along all three 
coordinate axes, i.e., an attempt to use Eq.(1.9), leads to expressions that are 
too complicated to manipulate without the aid of a computer. 


3. Domain structure and its behavior in a magnetic field - experiment 


The domain structure on silicon iron single crystals was observed by means 
of the meridional Kerr effect. The specimens were in the form of disks 15 mm in 
diameter and 0.3 mm thick with the surface parallel to the (011) planes. In the 
demagnetized state there were observed approximately 40 domains on the surface of 
the specimen; the magnetization vectors in the domains were directed along the 
easy axis lying in the plane of the specimen. The behavior of the domain struc- 
ture on one of the specimens with increase of the magnetic field at the rate of 
0.05 Oe/sec is shown in the photographs reproduced in Fig.4. The patterns were 
photographed by a motion picture camera at the rate of 30 frames per minute. It 
will be seen that in fields up to 136 Oe the dark bands (domains) increase in 
width, while in fields from 136 to 160 Oe individual light bands vanish abruptly. 
As a rule, prior to its disappearance the width of a light-band domain remains 
constant in a field interval of 10 to 12 Oe, even though its residual width amounts 
to only about 0.1 the initial width. Thus in Fig.4,c there appear four light do- 
mains, while in Fig.4,d only three are visible. The width of this domain did not 
change in the field range from 126.5 to 136.8 Oe, and then with further increase 
of the field to 136.83 Oe it vanished. Similar disappearances of light domains 
may be noted by comparing Figs.f & g and h & i. In some cases, however, we ob- 
served not abrupt but gradual disappearance of domains. The domain structure was 
completely effaced from the surface of the specimen at a field of ~160 Oe. 
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Fig.4. Domain structure at different values of the applied field H: a -H=0, 
b - 60 Oe, c - 136.8 Oe, d - 136.83 Oe, e - 139.2 Oe, £f - 149.4 Oe, g - 149.43 


Naturally, only qualitative comparison of the experimental data with the re- 
sults of our calculations are feasible, inasmuch as the observed specimen had a 
shape differing from that assumed for the calculations. Moreover, in experiments 
there is inevitably observed a process in which there are deviations from the ideal 
macroscopic equilibrium state. However, the large number of domains observed in 
the initial state and fulfillment of the condition z,/L, > 1 up through fields close 
to H,; give reason to assert that in our experiments we observed the predicted ef- 
fect of increase of the average width D with increase of 7. Obviously, the mechan- 
ism of the process cannot be inferred from the above mentioned macroscopic thermo- 
dynamic relationships for an ideal crystal. 
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Note added in proof: In a recent study (Philips.Res.Repts., 15, 7, 1960) 
there was investigated the process of magnetization along the easy axis perpendi- 
cular to the surface of a thin BeFe,9019 film; there was theoretically deduced 
and experimentally observed the effect of "spreading out'' of the domains similar 


to that shown in Figs.2 and 3. 
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VARIATION OF THE MAGNETIZATION SWITCHING PROCESS WITH REDUCTION 


IN PARTICLE SIZE 
- E.V.Shtol'ts, A.A.Glazer & Ya.S.Shur 


Investigation of magnetic powders has shown that decrease of Pee size 
is accompanied by regular change in the value of the coercive force He- As will 
be evident from Fig.1, where the variation of He with particle size d is shows 
schematically, except for the region of very small particles (section DE)*, He 
increases with decrease of particle size. It is natural to assume that the obs 
served growth of H, is due to hindrance of the magnetization reversal process with 
approach to the single domain state. At present little is known regarding the 
character of the processes of magnetization reversal in minute particles and, con- 
sequently, the reasons for the growth of H, are obscure. The purpose of the pres- 
ent work, accordingly, was investigation of the processes of magnetization rever- 
sal in small particles of MnBi alloy. 


Speci- Particle Relative Coercive 
residual force 
men No. size, w magnetiza- Ho, Oe 


tion I,/I, 
I. 100 x 20 200 
2 70 x 20 600 
Fig.1. General character 
of variation of coercive 3 16 x 3 2 900 
force with particle size. 
4 12 500 


MnBi was chosen for the investigation owing to its large anisotropy constant; 
because of the large value of the anisotropy constant the critical size for transi- 
tion to single domain structure is large. Hence it was feasible in the case of 
MnBi alloy to observe visually the process of magnetization reversal even in single 
domain particles.3 The domain structure was observed both by the colloidal sus- 
pension (powder particle) technique and with the aid of the magneto-optical Kerr 
effect. Inasmuch as MnBi is a magnetically uniaxial material it was feasible to 
prepare pseudosingle domain specimens by growing single crystal particles and by 
sintering the alloy in a magnetic field. The studies were carried out on speci- 
mens with a small concentration of ferromagnetic particles so that the effect of 
interaction between particles was largely eliminated. The values of the coercive 
force and relative residual magnetization along the texture axis of the pseudo- 
single crystal specimen with different particle dimensions are given in the ac- 
companying table, 

As will be evident from the table, with decrease of the particle size from 
100 x 20 to 4 x 4p the relative residual magnetization increases from 0.21 to 
0.96, and the coercive force from 200 to 12 500 Oe. 

We now turn to the results of visual observation of the domain structure in 
particles of different size in the process of switching. In Fig.2 we reproduce 
photographs of powder patterns obtained on individual MnBi alloy particles of dif- 


ferent size in the remanence state after magnetization in a field of 20 000 Oe 
along the easy axis. 


*In such superfine powders decrease of Hg may be due to the effect of super- 
magnetism and approach to the dimensions at which ferromagnetism disappears. 2 
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The domain structure of 
large MnBi particles has the 
Same appearance as that of uni- 
axial bulk material. In the 
remanence state (Fig.2,a) such 
particles are subdivided into 
domains with antiparallel orien- 
tation of the magnetization, 
and the volume of the domains 
in which the magnetization vec- 
tor I, agrees with the direc- 
tion of the field applied dur- 
ing magnetization is somewhat 
Fig.2. Domain structure of particles of differ- greater than the volume of the 
ent size in the remanence state. The arrow domains with opposite orienta- 
indicates the direction of the magnetizing field. tion of I,. In consequence, 

the value of the relative resi- 
dual magnetization is small (I,/l, = 0.20-0.30). The process of reversal in large 
particles occurs by wall motion.3»4 The coercive force in this case amounts to 
200-300 Oe (see data for specimen No.1 in table), which is, apparently, due to the 
appreciable inhomogeneity of the crystal structure of the particles. 

In going to particles of smaller size the multiple domain structure persists, 
but in the remanence state (Fig.2,b) each particle consists of only one domain, 
the direction of magnetization in which agrees with the direction of the magnetic 
field applied during magnetization, and a number of closure domains with antiparal- 
lel orientation of I, As compared with larger particles, the value of the rela- 
tive residual magnetization increases appreciably (I,/I, = 0.71-0.73). Switching 
of such particles is realized by growth of reverse-magnetization nuclei and wall 
motion; however, in view of hindrance of this process the coercive force rises to 
2000 to 3000 Oe (table - specimen No.3). The reason for hindrance of the processes 
of growth of reverse-magnetization nuclei and wall motion is apparently increase 
of the wall energy density. Theoretical calculations” have shown that increase 
of the wall energy density with decrease of particle size may be due to increase 
of the magnetostatic wall energy. 

Thus, it may be tentatively assumed that hindrance of the processes of growth 
of reverse-magnetization nuclei and wall displacement is the reason for the in- 
crease of H, over the section AB of the curve in Fig.l. 

With further decrease of the particle size, the particles in the remanence 
state remain single domain ones and the direction of the magnetization vector co- 
incides with the direction of the magnetizing field (Fig.2,c). The value of the 
relative residual magnetization in this case is close to unity (table - specimen 
No.4). 

Depending on their size, such particles may have either ‘transition type'’6 
or single domain structure. If the domain structure is of the transition type, 
then under the influence of a certain magnetic field the particle may be trans- 
formed to the multiple domain state, which is the stable state for the given par- 
ticle dimension. A single domain particle under the influence of any magnetic 
field retains its single domain structure, corresponding to minimum energy. 

The photographs reproduced in Fig.3 (obtained by means of the magneto-optical 
Kerr effect) show the changes in domain structure of particles with the transition 
structure under the influence of different magnetic fields. In the demagnetized 
state the particle has a multidomain structure (Fig.3,a). If the demagnetized 
particle is then magnetized in a field H = 15 000 Oe, then after switching off the 
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Fig.3. Variation of the domain structure of particles with the transition type 
structure in a magnetic field: a - demagnetized state; b - H = 0 after magnetiza- 
tion along the {1000} axis in a field H,ax = 15 000 Oe. After Hpax = 15 000 Oe: 
- H = -2700 Oe, d - along the return curve H = 0. After Hmax = 21 700 Oe: e - 
= -4500 Oe, f - along the return curve H = 0. After Hmax = 21 700 Oe: g -H= 
5300 Oe with field applied in the direction perpendicular to the {1000} axis; 

h -H= O after magnetization in the direction perpendicular to the [1000] axis. 


lomo 


field in the remanence state the particle retains the single domain structure 
(Fig.3,b). This single domain structure persists in negative fields to -2700 Oe 
(the entire particle in the Kerr-effect photograph remains dark). With further 
increase of the negative field the particle abruptly breaks up into domains (Fig. 
3,c). If the intensity of the negative field is now reduced, there is observed 
increase of the domains with the initial direction of I, (dark domains). The ap- 
pearance of the domain structure obtained after reduction of the field to zero is 
shown in Fig.3,d. If the particle was first magnetized by a field of 21 700 Oe, 
then in a reverse magnetic field of -4500 Oe it is wholly reversed (from dark be- 
comes light: Figs.3,b and 3,e). However, upon reduction in the intensity of the 
negative field the particle breaks up into domains (Fig.3,f). If the same parti- 
cle, initially in the single domain state (Fig.3,b) is magnetized in a difficult 
direction, then in the process of magnetization the particle becomes a multiple 
domain one (Fig.3,g) and upon switching off of the field the appearance of the 
domain structure remains virtually unchanged (Fig.3,h). 

This behavior of the domain structure can be understood if it is assumed that 
at large values of the magnetizing field there are destroyed all reverse-magnetiza- 
tion nuclei and that the formation of these nuclei upon reduction of the magnetic 
field is greatly hampered owing to appreciable increase of the wall energy density 
(for the reasons outlined above). As a result, reverse-magnetization nuclei appear 
only in strong negative fields. It must be emphasized that MnBi alloy has a very 
large anisotropy constant so that switching by irreversible rotation of the mag- 
netization vector in the entire volume of the particle requires a very strong field 

Let us consider the process of reverse-domain nucleation. In an actual crys- 
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TG egene aps ota staan inhomogeneities of the crystal structure, which give 
rlbaeeesnies hess ce of local internal magnetic fields that may significantly 

gnetic anisotropy in the given section of the crystal. Upon applica- 
tion of a negative magnetic field there begins first rotation of the spins in the 
sections with reduced magnetic anisotropy. In cases when the spins are arrayed 
completely parallel and in places with inhomogeneous crystal structure there per- 
Sist residues of reverse zones, the process of formation of reverse magnetization 
nuclei occurs in weaker fields than in the case when the spins are initially fully 
parallel. Depending on the strength of the field in which reverse-magnetization 
nuclei begins to appear, the particle in the process of reversal may break up in- 
to domains (Fig.3,c) or switch fully (Fig.3,e). The last occurs when the appear- 
ance of reverse-magnetization nuclei takes place in fields close to the saturation 
field (for MnBi particles at room temperature this field is of the order of 5000 
Oe). However, inasmuch as fields of this magnitude are inadequate for complete 
destruction of a reverse-magnetization nuclei, upon decrease of the negative field 
there is observed growth of the nuclei and their transformation into regular do- 
mains with reverse magnetization (Fig.3,f). Inasmuch as creation of reverse-mag- 
netization nuclei is hindered, after attainment of certain dimensions further 
growth of the nuclei does not require increase of the field, which leads to ab- 
rupt rearrangement of the domain structure, i.e., reversal. 

A field oriented perpendicular to the magnetization vector in a particle with 
transition structure that is in the single domain state of residual magnetization 
also produces rotation of the spins, which favors appearance of revers-magnetiza- 
tion nuclei and thus transition of the particle to the multiple domain state. 

The increase in coercive force due to hindrance of formation of reverse-mag- 
netization nuclei is shematically represented by section BC of the curve in Fig.l. 

In particles of very small size with a stable single domain structure, reverse- 
magnetization nuclei do not appear under the influence of any magnetic field and 
the particle switches by the process of flip of the magnetization vector? in the 
entire volume of the particle. Theoretical calculations’ have shown that in single 
domain particles rotation of the magnetization vectors may occur incoherently, 
which is evinced in the value of the coercive force of the particles. It must be 
noted that inhomogeneity of the crystal structure of single domain particles may 
be an additional cause of nonuniform rotation of the magnetization vector in the 
process of magnetization reversal. 

The increase in coercive force in particles with single domain structure is 
represented by the section CD of the curve in Fig.l. 
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INVESTIGATION OF DOMAIN WALLS IN TRANSFORMER STEEL 


Neighboring ferromagnetic regions (domains) , 
tions, are separated by a boundary layer, commonly called a era wall. 
investigation of such boundary layers was carried out by Bloch~-. 


- M.K.Savchenko & V.1.Sinegubov 


magnetized in different direc- 
The first 


The theory of 


domain walls was further developed by Landau & Lifshits2 and for specimens in the 


form of very thin layers by Née13. 


Domain walls have also been investigated experimentally4-§; however, the ex- 
perimental procedures employed did not allow of direct measurement of the wall 


thickness. 


gating domain walls by means of the polar Kerr effect. 
it possible to carry out measurements of wall thickness. 


In our earlier work’ we developed an improved procedure for investi- 


The developed set-up made 
In the present work the 


procedure has been applied to investigation of the polarity of domain walls and 
to the geometry of walls in silicon-iron crystals under the influence of a magnet- 


ic field and elastic stresses. 


Experiment 


Q|& 
Shin 


b : fe 


Fig.l. a - curve recorded by recording 
voltmeter incident to passage of a do- 
main wall under the microscope slit; b - 
one of the sections of curve a (integral 
curve); c - differential curves corre- 
sponding to curves b (the wall thickness 
is determined by the abscissae at the 
base of the curve). t is the time of 
passage of the wall under the microscope 
slit. 


the slit, and section 3 corresponds to exit of the wall from under the slit. 
height of the rise is proportional to the normal component of Ig. 


The experimental set-up has been 
described in Ref.7. The polarizer and 
analyzer were slightly uncrossed so as 
to give incomplete extinction. The 
specimen is mounted on a mechanical 
stage and moved past the slit of the 
microscope. When a wall passes under 
the microscope slit the analyzer field 
lightens or darkens, depending on the 
polarity of the wall. Accordingly, the 
photomultiplier viewing the analyzer 
yields a varying signal, which, after 
appropriate amplification and detection, 
is recorded by a recording voltmeter. 
The appearance of the curve recorded on 
the voltmeter chart is shown in Fig.l,a. 
The rising section (1) corresponds to 
the instant of passage of the front edge 
of the wall under the slit; section 2 
corresponds to passage of the wall under 
The 
Thus knowing 


the rate of displacement of the specimen (i.e., of the wall) and the rate of ad- 
vance of the recorded chart, one can readily determine the wall thickness from 


the width of sections 1 and 3. 


Inasmuch as sections 1 and 3 of the curve are symmetrical, for determining 
the wall thickness one can use not the entire curve but only one of the rising 


sections. 


Two such sections are shown separately in Fig.1,b (integral curves). 


If one plots the curves for the derivatives of the functions describing the curve 
shown in Fig.1,b, one obtains differential curves of the type shown in Fig.1l,c 
from which one can deduce the distribution of Ig across the wall. 

In the present work we investigated the 180° walls in large iron crystals, 


containing 3% Si. 


The specimens were in the form of 0.4 x 6 x 30 mm strips, the 
surface of which was parallel to the (110) planes. 


Prior to measurements the 


/ vacuum. 


ee ree 
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strips were carefully ground, electrolytically polished and annealed under high 


The rate of displacement of the Specimen under the microscope was 1 w 
per 20 sec. 


Initial state of the annealed specimens 


We carried out measurements of the wall thickness in four specimens cut from 
different crystals. In each specimen we measured the thickness of 6 neighboring 
walls. These measurements show that the wall thickness varies both in different 
crystals and for the walls in the same crystal; the wall thickness fluctuates in 
the range from 0.46 to 0.60 4. In fact we observed that the thickness of one and 
the same wall varied in approximately the same range. 


Change in domain walls incident to magnetization 


Fig.2 shows the variation in the distribution 
Vi 6 of the magnetization over a wall incident to magnet- 
ization of the specimens by longitudinal and normal 
magnetic fields. In the case of longitudinal mag- 
7 0 netization the field was applied along the length 
‘ c of the specimen, which coincided with an easy mag- 
Fig.2. Variation in the dis- netization axis. The measurements were carried out 


SS 
& 
a8 


tribution of magnetization in zero fields and in fields close to the value cor- 
in a wall incident to longi- responding to completion of the process of wall move- 
tudinal magnetization (a) ment. In the case of normal magnetization a field 


and magnetization normal to of the order of 100 Oe was applied in the two oppo- 
the surface of the specimen site directions. The results of measurements of the 
(b). domain wall thickness for specimen No.2 are summar- 
ized in Table l. 


Table 1 
Domain wall thickness in specimen No.2 in zero field and 
in longitudinal and normal fields 


Wall thickness, LL 
Field direction 
2 | 3 | 4 | se 
H=0 0,95 0,50 Onl | O52 | pas | @),58} 
Bapalacis toustetace 0,52 0,48 | 0,40 | 0,49 | 0,46 | 0,50 
Normal to surface 0,46 0,45 0,50 | 0,42 | 0,46 | 0,50 
(in = Opposi t Pe 0,48 | 0,46 | 0,50 | 0,48 | 0,46 
directions 


As will be evident from Table 1 and Fig.2, the wall thickness decreases 

slightly as a result of application of longitudinal or normal fields. There is 

no substantial difference between the cases of longitudinal and normal magnetiza- 
tion. Apparently, in the case of a normal field the principal changes in magnet- 
ization occur along the surface of the specimen. The greatest changes in the walls 
are connected with redistribution of the value of Ig across them. The sharp upper 
sections of the walls are smoothed out by magnetization, which can be explained by 
rotation (in the direction of the field) of the spins oriented closest to the nor- 
mal to the surface of the specimen. The wall contours become more distinct as a 


result of magnetization. 
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Polarity of the walls 


Analysis of the records obtained in measuring the wall thickness showed that 
the polarity of different walls differs, but in no consistent manner. On the 4 
average, however, the number of walls with positive and negative polarity is the 
same. It was noted that one and the same wall may change its polarity. Usually 
the change in polarity is observed at the points where the wall intersects some 
defect or inhomogeneity in the crystal. 

Application of a magnetic field may reverse the wall polarity; this reversal 
usually occurs at the very beginning of the process of wall displacements. To 
what extent the process is ordered we have not yet been able to determine, but in 
many cases we noted that the domains which shrink in the process of wall movement 
have walls of the same polarity. 


Influence of elastic stresses 


For the purpose of observing the influence of stresses 
on the domain walls the specimens were subjected to elonga- 


Pad / tion along the easy axis. The results of our measurements 
are summarized in Table 2 and the curves obtained for one 
2 of the walls are shown in Fig.3. As compared with magnetic 
fields, the effect of stresses on the walls is more notice- 
0 , able as regards both the change in thickness and redistribu- 
tion of the magnetization. Smoothing out of the curves 
Fig.3. Effect of characterizing the distribution of I, in the center of the 
stresses on the wall indicates that the spins oriented most disadvantage- 


structure of domain ously as regards the stress undergo rotation. The results 
walls: 1 - no load, of observation are in qualitative agreement with the theo- 
2 - specimen elonga- retical deductions of Landau & Lifshits?. 
ted by a load of 26 

kg/mm? Conclusions 


1. In transformer steel in the initial state the wall width on a (110) sur- 
face varies in the range from 0.4 to 0.6 microns. 

2. The polarity of the walls differs, but there is no consistent pattern or 
sequence in the variation. The wall polarity may reverse under the influence of 
a magnetic field. 

3. Domain walls change shape under the influence of an applied magnetic field 
and stresses. The extent of these changes is not great, which can be explained by 


Table 2 


Effect of stresses on domain wall thickness 
eee eee eee 


Specimen Stress, Wall thickness, UL 
No. kg/mm“ 1 2 | 3 | 4 | 5 | 6 
5 0 One 0,54 Or50 0,50 0,47 0,50 
26 0,50/> 01472 "beko 484 jeoheaell "honuaie rome 
6 0 0,60. |. 6,60. [10,49 1).0.52, [o 0,460) 0 49 
26 0,55 0,56 0,45 0,48 0,42 0,45 
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the small values of the energy of the magnetic field and stresses as compared 

, with the appreciable values of the exchange energy and anisotropy that are involv- 
ed in the formation of the domain walls. It may be assumed that in materials 
with low anisotropy the domain walls should be less "rigid". 
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INFLUENCE OF THE DIRECTION OF DEMAGNETIZATION ON THE MAGNETIC STRUCTURE OF 


CRYSTALS IN SHEET SILICON STEEL 
V.R. Abel's 


Introduction 


The character of the anisotropy of the coercive force and initial permeabili- 
ty in ferromagnetic materials is determined by the concentrations of the magnetic 
phases.1 Hence it is important to know how these concentrations depend on the 
method of producing the magnetic state in which the magnetization is zero, in par- 
ticular on the direction of the magnetic field acting on the specimen during de- 
magnetization or magnetization. Clarification of this matter was the primary pur- 
pose of the present study. 

In addition, we tried to determine whether the decrease of permeability with 
time may be due to resorption of the magnetic structure, occurring as a result of 
the magnetization of the specimen. 2 This explanation for the decrease of permea- 
bility with time has been suggested by Al'tgauzen et al3, 


Specimens and measurement procedure 


We investigated both hot-rolled and cold-rolled silicon steel (3-4% Si) in 
sheets ranging from 0.08 to 0.5 mm in thickness. The specimens - in the form of 
disks and wound toroids - were prepared of the same rolled ribbon and for relief 
of work hardening strains were annealed in vacuum or hydrogen at 1100°C. The mag- 
netic structure of the disk specimen was observed by the powder pattern procedure. 
The magnetic properties were measured by the ballistic technique, using the wound 
specimens. 

The specimens were demagnetized by a gradually reduced alternating magnetic 
field. The maximum amplitude of the demagnetizing field was 10 Oe; the minimum 
amplitude 0.001 Oe; the demagnetizing time was about 30 sec. 

In other cases the specimens were magnetized to saturation by a constant fiel 
and then there was applied to them a reverse field equal either to the coercive 
force or of such value as to result in zero magnetization upon its removal. 

The spiral wound specimens were demagnetized either along the magnetic circui 
by a current sent through a winding applied to the specimen or along the axis of 
the specimen by means of a solenoid. 


Observation of powder patterns 


We observed the powder patterns on a large number of crystals from different 
Specimens. It was found that in most cases the character of the magnetic structuz 
remained the same after demagnetization of the specimen by an alternating field in 
different directions. Even in cases where there were observed on the same crystal 
lite two systems of domains we were unable to change the type of structure on the 
given section by altering the direction of demagnetization. 

It must be noted, however, that in the case of a few specimens, particularly 
thin ones, we succeeded in finding crystallites in which the character of the mag- 
netic structure did depend on the direction of the demagnetizing field. 

In cases when the state with zero magnetization according to the hysteresis 
loop was obtained, the character of the magnetic structure also usually depended 
little on the direction of the applied magnetic field: in this case the appearance 
of the powder patterns was very similar to that observed in the case of demagnet- 
ization of the specimen by a decreasing alternating field. 
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Fig.l Fig.2 
Fig.1. Influence of the direction of demagnetization on the permeability: 1) ratio 
of the permeabilities after longitudinal and transverse demagnetization, 2) perme- 
ability after longitudinal demagnetization. 
Fig.2. Decrease of permeability with time: 1) after longitudinal demag- 
netization, 2) after transverse demagnetization, 3) after transverse 
magnetization by a constant field and application of the reverse field 
yielding I = O after it is cut off. 


Thus for each section of a crystallite in the state with zero magnetization 
there exists only one stable distribution of the concentration of magnetic phases. 
After departure from the state of saturation the magnetic structure tends to this 
distribution, regardless of the direction of the demagnetizing field. The distri- 
bution of magnetic phase concentrations is determined by the shape of the specimen, 
the configuration of internal stresses and the interaction between crystallites, 
but usually does not depend on the direction of the applied magnetic field. From 
this it follows that demagnetization cannot lead to the formation of substantial 

_ magnetic structure. 


Dependence of the permeability on the direction of demagnetization 


Fig.1 shows the variation of the ratio of the permeabilities obtained after 
demagnetization by a longitudinal and a transverse magnetic field with the strength 
of the magnetic field. In the same figure we show the field dependence of the per- 
meability after longitudinal demagnetization. Such curves with maxima were obtain- 

ed for all the investigated specimens. 

The values of the reversible permeability at I = 0 after demagnetization by 
longitudinal and transverse magnetic fields are given in the table. These values 

of the permeability do not differ by more than 10-20%, whereas the maximum dif- 
ferences of the permeability taken from the curve amounted to 50 to 200%. 


s 


Time variation of the permeability 


The permeability was measured at different times after obtaining a given mag- 
netic state. In these measurements the magnetic field was switched on only for 
the period necessary for measurement. In the region of weak magnetic fields re- 
_gardless of the method of demagnetization (obtaining the initial magnetic state), 
j the permeability decreased with time. The curves for three different cases are 
shown in Fig.2. It must be noted that although the permeability decreased in all 
cases,in the region of weak fields the decrease was not always exponential. 


a 
4 
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Values of reversible permeability after demagnetization 


Permeability at H = 0.001 Oe 


Holding 
Material time, 
min 
Cold-rolled 3% 830 
Si steel 0.08 290 
Hot-rolled 4% 
Si steel 0.5 260 
Note: A = After longitudinal demagnetization. 
B = After transverse demagnetization. 
C = After application of a constant reverse field in the direc- 
tion of measurement. 
D = After application of a constant reverse field perpendicular 


to the direction of measurement. 


It follows from the results of our experiments that the reason for the de- 
crease of permeability with time cannot be resorption of the magnetic structure, 
inasmuch as such dissipation of the magnetic structure after transverse demagnet- 
ization should lead to increase of the permeability. 

No decrease of permeability with time was observed in the region of fields 
wherein the ratio of the permeabilities after longitudinal demagnetization and 
after transverse demagnetization attained a maximum. 


Conclusions 


l. The magnetic structure of sheet silicon steel does not, as a rule, depend 
on the direction of demagnetization. 

2. In the I = 0 state obtained by application of a field H = -He the magnetic 
structure is close to the magnetic structure obtained after demagnetization of the 
specimen by an alternating field of decreasing amplitude, and differs from the lai 
ter only by a certain amount of additional irregularity. 

3. The initial permeability depends little on the direction of demagnetiza- 
tion. 

4. The decrease in permeability with time in the region of weak fields can- 
not be due to resorption of the magnetic structure. 
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REGARDING THE STABILITY OF THE MAGNETIC STATE OF SOFT MATERIALS 
- V.A.Zaikova & I.E.Startseva 


1. The magnetic state of a ferromagnetic specimen, which may be character- 
ized by its magnetization I, is determined by its domain structure. It follows 
from this that the stability of the magnetic state as regards different external 
factors or influences (magnetic fields, temperature fluctuations, mechanical stres- 
ses and the likel-’) is determined primarily by the stability of the domain struc- 
ture. In actual ferromagnets with multiple domain structure a number of different 
domain structure configurations may correspond to the same magnetic state. Hence 
one may reasonably assume that different domain structures will undergo different 
alterations under the influence of the same external factor, i.e., that the sta- 
bility of the domain structure with respect to a given external factor will dif- 
fer, depending on the specific conditions under which the given magnetic state 
was formed. The stability of the magnetic state of ferromagnets is, of course, 
of great practical importance. Many scientific instruments and pieces of equip- 

_ment contain components made of soft magnetic materials, and frequently it is es- 
sential that the state of these soft magnetic materials not change under the in- 
fluence of external factors. 

Hitherto the stability of the magnetic state of soft materials has not been 
adequately studied, so that it is difficult at present to recommend specific pro- 
cedures for insuring a highly stable state of the domain structure. Accordingly, 
the aim of the present work was to study experimentally the influence of different 
ways of obtaining the magnetic state on its stability as regards alternating mag- 
netic fields and tensile stresses. 

2. The experiments were carried out on coarse-grained specimens of silicon 
steel. To eliminate the influence of demagnetizing fields on the magnetic state 
of the specimen the stability as regards alternating magnetic fields was investi= 

gated using ring-shaped specimens with an outside diameter of 40 mm, an inside 
diameter of 34 mm and a thickness of 0.2 to 0.5 mm. For studying the stability 
of the magnetic state as regards tensile stresses we used strip specimens measur- 
ing 450 x 3 x 0.3 mm; the ends of the specimen were magnetically shorted by a yoke 
of the same material. The stability was determined from the change in magnetic 
induction B of the specimen, and also from the extent of change of the domain struc- 
ture observed on individual crystallites. The induction was measured by the bal- 
listic procedure; for observing the domain structure we used the powder pattern 
ree the stability of the demagnetized state obtained by different 
methods as regards the influence of alternating fields and elastic stresses ap- 

_ plied in the presence of a weak constant magnetic field, which was appreciably 
weaker than the coercive force of the specimen; conditionally we shall call this 
weak field the "earth's" magnetic field and shall designate it by Hg. In select- 

/ ing the methods of demagnetization we tried to choose methods that would be eh 

3 tinctly different as regards the forms of influence employed in the Eee i 2 

taining the demagnetized state. Bieta acne the stability was investigated a 

4 he following four methods: 

, ter a ee een Feet by an alternating field gradually reduced to 

zero amplitude in the absence of an external magnetic field. 4 is 

; 2) The specimen was first magnetized in the He direction to the max mum ie e 

Ma induction; then there was applied a field opposed to the earth's 

sf eeernsenco dua} (An if hat nm removal of this field and 

5 oie peesntonesty oS seh Pea athe : oe demagnetized 

ion of the fie e the spec . 
=.= first demagnetized by procedure 1), was magnetized in a field 
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Fig.1. Change under the influence of an alternating field of the domain structure 

of a crystallite in a specimen demagnetized by methods 2) and 3). Method 2): a - 

initial state, b - Hy = 0.103 Oe, B = 1300 G, c - HL = 1.55 Oe, B = 2100 G; d - 

H. = 0.195 Oe, B = 2600 G, e - HL = 0.270 Oe, B = 3110 G. Method 3): f - initial 

state; g¢ - H, = 0.155 Oe, B = 0; h - Hu = 0.206 Oe, B = 140 G; i - HL = 0.226 Oe, 
Bs 750 G; j - H. = 0.277 Oe, B = 1580 G. 
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ok ie oe Reem aha i to the earth's" field, with simultaneous application to it 
ing field gradually reduced to zero amplitude. After removal of this 

reverse field the specimen acquired negative residual magnetization. Then there 

Behe cc racy aeons ue Pe nice of which the Specimen was demagnetized by 

toe Cen Bal as Saas Nee Ron eens of this alternating field He 

morawouldl persorol S field to zero the induction of the speci- 

4) As in the preceding case, after demagnetization by procedure 1), the speci- 
men was placed in a field opposite in direction to the "earth's" field and in the 
presence of this field subjected to elastic stress. Then this field was cut off 
hp TERSEREND Se URES El CSE eee RRO Pee a eb 

er its removal the induction of 
the specimen fell to zero. 

3. Observations of the domain structure showed that the most stable structure 
as regards the effect of alternating fields is the structure obtained after demag- 
netization by method 3), and the least stable is that obtained by method 2). Fig. 
1 shows how the domain structure of one of the crystallites of a ring specimen 
changed under the influence of alternating magnetic fields after demagnetization 
of the specimen by method 2) (Fig.1, a - e) and 3) (Fig.1, f - j). The examined 
surface was close to a (001) plane. In the first case the crystallite in the ini- 
tial state (Fig.1,a) is broken up into three principal domains. The action of even 
a weak alternating field leads to displacement of one of the walls, a wall which 
in the initial state passed through a defect. This results in growth of the do- 
main in which the vector l, is advantageously oriented with regard to the constant 
field (Fig.1,b). With increase of the applied alternating field this domain gradu- 
ally displaces one of the regions with opposite orientation of I, (Fig.1,c & d); 
with still further increase of the alternating field there appears a new domain 
with advantageous orientation of I, with respect to the field (Fig.1l,e). 

In the second case (Fig.1,f) as a result of the 
operation of demagnetization the examined crystallite 
proved to be magnetized, although the net magnetiza- 
tion of the specimen itself was zero. This was pre- 
sumably due to magnetic interaction of the given crys- 
tallite with its neighbors. On its surface there ap- 
pear only closure domains, magnetized antiparallel 
and at an angle of 90° to the direction of magnetiza- 
tion of the grain (Fig.1,f). In this case the mag- 
netic structure does not change up to fields of maxi- 
mum amplitude approximately equaled to the field HL 
used in demagnetizing the specimen (g & h). In 
stronger fields there appears a domain with opposite 
orientation of I,. There is also observed some change 
in the appearance of the closure domains (Fig.1,i). 
Fig.2. Variation of the mag- Further increase of the alternating field results in 
netic induction of specimens even more substantial rearrangement of the magnetic 


demagnetized in different structure. 

ways under the influence of The curves of Fig.2 show the change in induction 
an alternating field applied of a strip specimen demagnetized by different methods 
in the presence of a weak as a result of application of an alternating field 
constant field. The figures in the presence of a constant magnetic field (H,). 

at the curves denote the The figures at the curves indicate the method of de- 


method of demagnetization. magnetization. It will be seen that the most appre- 
ciable change in the magnetic state of the specimen 
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Fig.3. Variation under the influence of stresses of the domain structure of a 

crystallite in a specimen demagnetized by methods 2) and 4): a - initial state, 

o=0,B=0; b-o = 0.9 kg/mm, B = 180 G; c - o = 1.9 kg/mm”, B = 900 G; d - 

o = 3.8 kg/mm”, B = 1400 G; e - o = 8.0 kg/mm2, B = 1950 G; f - initial state; 

g- 0 = 0.9 kg/mm”, B = 0; h - o = 2.8 kg/mm?, B = 30 G; i - o = 8.0 kg/mm2, B = 
= 400 G. 


occurs after its demagnetization by method 2). In this case application of even 

a weak alternating field leads to substantial magnetization of the specimen in the 
direction of the field He. In the case of demagnetization by method 3) the appli- 
cation of alternating fields the maximum amplitude of which is less than H!, does 
not result in magnetization of the specimen; magnetization begins only in fields 
exceeding H,. The experimental points obtained after the demagnetizing specimens 
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by methods 1) and 4) virtually lie on th 


an intermediate position between the cur 
methods 2) and 3). 


e same curve (curve 1,4) which occupies 
ves obtained after demagnetization by 


eo Risener the photographs reproduced in Fig.l and the curves of Fig.2 
e demagnetized state as regards the influence of alternating 

magnetic fields applied in the presence of a weak constant magnetic field (H.) is 

the state obtained by method 3), when the final stage of the enseneticationeoros 


paced is the application of an aiternating field gradually reduced to zero ampli- 


We now turn to the results obtained when the Specimen is acted upon by ten- 


So at ae fesuby Seewie of a constant magnetic field. Observations of the 
Reis See ein i ne e most stable structure as Reber oe the influence of 
pes Betta: ed by method 4), and the least stable is the structure ob- 
y method 2). By way of illustration, in Fig.3 we give series of powder 

pattern photographs representing the domain structure of a crystallite, the sur- 
gece of which is parallel to the (011) plane under the influence of external loads 
in the case of a specimen demagnetized by method 2) (Fig.3,a - e) and by method 
4) (Fig.3,f - 1). It will be seen that in the case of demagnetization by method 
2) even a small stress leads to an appreciable change in the initial magnetic 
structure. The domains in which I, is parallel to the external field He increase 
in size (Fig.3,b & c). At a stress o = 3.8 kg/mm@ (Fig.3,d) there appears a new 
reverse magnetization domain, which with further increase of the load grows in 
size (Fig.3,e). In contrast, in the case of demagnetization by method 4) no sig- 
nificant changes in the domain structure occur up to the value of the stress ap- 
plied during demagnetization (compare Fig.3,f,g & h); only at a higher stress 
(Fig.3,i) is there observed minor displacement of some of the domain walls result- 
ing in growth of the domains with I, parallel to He. 

The B versus ¢o curves for specimens demagnetized 
in different ways are shown in Fig.4. It will be evi- 
dent from this figure that the greatest change in induc- 
tion as a result of loading occurs, as in the preceding 
case of application of an alternating field, after de- 
magnetization of the specimen by method 2). After de- 
magnetization by method 4) the specimen remains demag- 
netized until the applied stress begins to exceed the 
stress employed in the process of demagnetization. Fur- 
ther increase of the load leads to some magnetization 
of the specimen. Stressing of the specimen demagnetized 
by method 3) leads to a more substantial change in induc- 
tion than after demagnetization by method 4). 


Fig.4. Variation of the It follows from the powder patterns of Fig.3 and 
magnetic induction of the curves of Fig.4 that the most stable state as regards 
specimens demagnetized the effect of external loading in the presence of a weak 


in different ways under constant field is the state obtained by method 4), in 

the influence of stresses which the final stage of the demagnetization process is 

applied in the presence the application of a stress. 

of a weak constant mag- The state obtained by method 3) is more stable as 

netic field. The figures regards stresses than the states obtained by methods 1) 

at the curves indicate and 2), but less stable than the state obtained by meth- 

et- od 4). 

i Beals a ese 4. The results obtained show that the stability of 
the demagnetized state of a ferromagnet as regards the 

influence of external factors applied in the presence of a weak constant field de- 

pends substantially on the method employed in obtaining the demagnetized state. 
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The most stable state as regards a given external factor is the state to obtain 
which the given factor was applied in the last stage of the process of demagnet- 
jzation. It is also evident that the allowable magnitude of the external influ- 
ence in the process of operation should not exceed the magnitude of the same in- 
fluence (alternating field or stress) employed in the last stage of demagnetiza- 
tion. 
As the results of our powder pattern studies show, this behavior of a ferro- 
magnet can be explained by the fact that the domain walls in the same magnetic 
state of the specimen (for example, the demagnetized state) are located in dif- 
ferent sections of the crystal depending on the method of obtaining the given 
state (method of demagnetization) and, consequently, exhibit a different stabili- 
ty as regards different external factors. The stability of the domain structure 
as regards a given disturbing factors (alternating field or elastic stresses) will 
be highest if the same "factor'’ was employed in the final stage of producing the 
desired magnetic state of the ferromagnet and thus operated to help ‘fix" the do- 
main walls at certain locations in the crystal. Thus, if an alternating field 
(stress) serves to form and fix a given structure, subsequent application of a 
weaker field (stress) should not significantly change the location of the domain 


walls. 
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EFFECT OF ULTRASONIC VIBRATION AND ALTERNATING MAGNETIC FIELDS ON THE DOMAIN 
STRUCTURE OF SILICON STEEL 


- D.A.Laptei & V.S.Cherkasghin 


Aer It is knownl,2 that where a number of ferromagnetic materials are concerned 

erent external factors (magnetic treatment, mechanical and thermal "shaking" 
etc.) can lead to suppression of magnetic hysteresis effects. A theoretical a 
planation of this effect has been given by Kondorskii3 who showed that the condi- 
tion for stability of the 180° walls as regards variation of external stresses is 
the absence of a field acting on the walls and that this condition is fulfilled 
in structures obtained by "ideal" magnetization. Kondorskii notes that in general 
this is valid for all stresses including those due to periodic elastic vibrations. 

However, as far as we know there have been no direct observations of the 
changes in domain structure under the influence of the above mentioned factors, 
except for the work of Haacke & Jaumann* who used the powder pattern technique to 
investigate the movement of individual walls in an ultrasonic field. 

The purpose of the present work was to investigate the influence of mechani- 
cal stresses of ultrasonic frequency and alternating magnetic fields on the do- 
main structure of silicon steel in the process of magnetization. 


Experimental part 


Our experimental arrangement is diagramed in 
Fig.1. As will be evident from the figure, the do- 
main structure was observed by means of the meridion- 
al Kerr effect®»®, The resultant magnetization of 
the specimens was measured on an astatic magnetometer 
Simultaneously with observation of the domain struc- 
ture. The specimens were "sonetized' by means of a 
magnetostrictive ultrasonic generator operating at 
a frequency of 20 kc. The applied magnetic fields 
were of commercial frequency (50 cps). 

The experiments were carried out on single crys- 
tal specimens of 3% Si steel, cut in the form of 40 x 
x 8 x 0.28 mm strips and in the form of disks 20 mm 
in diameter. The surface of the specimens was paral- 
Fig.1. Experimental set-up: lel to the (110) planes. Prior to observation the 
N - magnetizing coils, Pj & specimens were subjected to mechanical and electro- 
Py - analyzer and polarizer, lytic polishing and vacuum (10 mm Hg) anneal at 1100°. 


@ 1, Ag & Az - lenses, C - The directions of the applied magnetizing field and 
camera (dash-line contour - propagation of the sound waves agreed with the princi- 
prism and lens employed for pal crystallographic axes. 

visual observation), 0 - In investigating the magnetic structure we em- 
specimen, USG - ultrasonic ployed the following general procedure. Initially 
generator, V - vibrator. the specimen was demagnetized by means of an alter- 


nating field gradually reduced to zero amplitude. 
Then a constant magnetic field was applied and the domain structure observed in 
the process of increase of this field. Next, the specimen wed again demagnetized 
and the process of magnetization and observation of the domain structure repeated 
with the difference that at certain fixed values of the magnetizing field the 
specimen was subjected to ultrasonic "shaking" or the influence of an alternating 
magnetic field gradually decreased to zero amplitude. Generally the domain struc- 
ture was observed visually (by means of the attachment indicated by the dashed 
line contour in Fig.1). We also photographed the powder patterns on the surface 
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«<-Fig.2. Change in the domain structure under the 
influence of ultrasonic vibration for different 
initial magnetic states: 1&3 - states corre- 

I sponding to the H = 6.4 Oe point on the ascend- 
ing and descending branches of the hysteresis 
loop, 2 - H = 6.4 Oe point on the initial mag- 
netization curve. a - initial state; b - after 

sonetization. 


2 of the specimen after demagnetization and after sub- 
jecting it to ultrasonic and magnetic shaking . 


Results 


Figs.2,a show the domain structure in three dif- 
ferent states corresponding to points on the ascend- 

3 ing and descending hysteresis loops and on the initial 
magnetization curve at a field of 6.4 Oe. In each of 
these states the specimen was subjected to ultrasonic 
vibration of the same intensity. The structure after 
sonetization is shown in the photographs of Fig.2,b. 
The change in structure consisted of increase in the 
number of domains as a result of fragmentation of the 
initial structure. Comparison of the photographs of 
Fig.2,b show that ultrasonic vibration in all cases 

leads to formation of structure of the same type regardless of its initial state. 

This is observed both in the absence of a field and with the magnetizing field ap- 

plied in all three principal crystallographic directions. 

The alterations in domain structure under the influence of ultrasonic vibra- 
tion and an alternating magnetic field incident to magnetization along the princi- 
pal crystallographic axes were the following. 


Magnetization along [100] 


After the initial demagnetization by an alternating field of decreasing mag- 
nitude there formed on the surface of the specimen the structure shown in Fig.3,a,] 
Upon subsequent magnetization in the [100] direction, the structure altered in ac- 
cord with the usual process of displacement of the 180° walls. If in any of the 
partially magnetized states the specimen is subjected to ''shaking" by an alternat- 
ing field, no substantial alteration of the initial structure is observed (Figs. 
3,b); there occurs only partial displacement of the domains, but the total number 
of domains remains the same. This is due to the fact that the crystal is fairly 
uniform and He < 0.1 Oe & Ip <5 G, and the initial magnetization curve virtually 
coincides with the ideal (anhysteretic) curve. 

If, however, the specimen is subjected to ultrasonic vibration, the domain 
structure changes markedly. Sonetization results in fragmentation of the initial 
structure; the total number of domains approximately doubles. In fields stronger 
than 32 Oe structure disappears from the surface of the specimen, and in this case 
it does not reappear after sonetization, 


Magnetization along [110] 


The following changes occur in the domain structure of a specimen during 
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Fig.3. Change in the structure incident to magnetization along the {100] axis: 
a - initial structure, b - after application of an alternating field of decreasing 
amplitude, c - after ultrasonic vibration. 1 division on the scale = 0.07 m. 


magnetization along the intermediate magnetization axis: the usual displacement 
of the 180° walls with increase of the field is not observed (Fig.4,a). The ini- 
tial structure breaks up into a number of distinct rectilinear bands forming an 
angle of 35° with the direction of the field. With increase of the field this 
alteration spreads from the edges to the center of the specimen. 

As a result the entire surface of the specimen becomes covered with a saw- 
tooth structure (Fig.4,2,3). In yet stronger fields this sawtooth structure 
breaks up (Fig.4,a,4) and gradually converts to a finer structure in the form of 
wavy lines oriented along the field. 

If these structures are subjected to an alternating magnetic field, they 
change very little (Fig.4,b): mainly the secondary structure becomes sharper, the 
rectilinearity of the domain walls becomes more pronounced and the period of the 
sawtooth patterns of the newly formed structure increases. 

Observations of the influence of ultrasonic vibration on the domain structure 
during magnetization in the (110] direction (Fig.4,c) showed that in the absence 
of a field the effect of sonetization amounts to fragmentation of the structure, 
much as in the case of magnetization in the [100] direction. With increase of 
the field there occurs some increase in the width of the domains in which the vec- 
tor I, is parallel or antiparallel to the (100] axis with the result that the num- 
ber of such domains increases. The domain walls tend to warp or bend. The forma- 
tion of the new structure terminates in weaker fields than in the absence of ultra- 


sonic vibration (Fig.4,c,2), and this newly formed structure undergoes substantial 
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Fig.4. Change in the domain structure during magnetization along the [110] axis: 
a - initial structure, b - after application of an alternating field, c - after 
ultrasonic vibration. 1 scale division = 0.07 mn. 


changes in the process of sonetization. In stronger fields this structure is 
gradually broken up by ultrasonic vibration and acquires the appearance shown in 
Fig. 4,c,3. It will be seen that the structure shown in Fig.3,c,2 disappears; 
the domain walls become less distinct. Finally, this process leads to formation 
of a fine structure in the form of wavy lines; this occurs much earlier than in 
specimens not subjected to ultrasonic vibration. 

, Lt must be noted that the structure formed as a result of ultrasonic "“shak- 
ing can be liquidated by the application of an alternating field. In this case 
there reappears the structure shown in Fig.4,b; this structure, again, can be 
destroyed by sonetization. This mutually cancelling influence of ultrasound and 


an alternating field of decreasing amplitude is characteristic for all crystallo- 
graphic directions. 


Magnetization along [111] 


Two processes are veinced in the change in domain structure in the case of 
magnetization along the difficult axis (Fig.5,a): first there occurs the usual 
displacement of 180° walls, then there appears a new structure which comes to 
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Fig.5. Change in the domain structure during magnetization along the [111] axis: 
a - initial structure, b - after application of an alternating field, c - after 
ultrasonic vibration. 1 scale division = 0.07 mn. 


predominate in stronger fields. Wall displacements occur in both the newly formed 
structure and in the persisting initial structure. On the other hand, application 
of an alternating field in the process of magnetization produces virtually no 
changes in the structure. As in the case of magnetization along the [100] and 
{110] axes, the effect of ultrasonic vibration amounts mainly to fragmentation of 
both the basic and the secondary structures. 


Conclusions 


1. Ultrasonic vibration of a single crystal of silicon steel in the process 
of magnetization in the {100] direction leads to fragmentation of the domain struc-~ 
ture and increase in the number of domains by a factor of about two. It may be 
assumed that this fragmentation is connected with decrease of the magnetic energy 
of the specimen. The structure formed does not depend on the initial magnetic 
state of the specimen but is determined mainly by the intensity of the magnetizing 
field. Ultrasonic vibration of the crystals being magnetized in the [110] and 
[111] directions results in more complex alteration of the domain structure. 

2. The structure corresponding to the ideal (anhysteretic) magnetization 
curve, obtained by application of an alternating field gradually reduced to zero 
amplitude, is not stable as regards ultrasonic vibration. The structure produced 
by ultrasonic vibration can be eradicated by the application of a decreasing alter- 
AE en observation carried out in the process of sonetization showed that 
with gradual increase in the intensity of the ultrasonic vibration initially there 
occurs displacement of some of the domain walls and at the same time movement of 
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the domains as a whole; individual domains being to fragment. With further in- 
crease of the ultrasonic vibration intensity these effects are enhanced and at 
the maximum sound intensity the pattern on the surface of the specimen becomes 
blurred. With decrease in the intensity of ultrasonic vibration there is gradu- 


ally established the structure shown in Figs.3,c, 4,c and 5,c. 
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DEVELOPMENT OF ae ELECTRON MICROSCOPY OF MAGNETIC MICROFIELDS 
- G.V.Spivak, L.V.Kirenskii, R.D. Ivanov & N.N.Sedov 


Introduction 


In the present paper we reproduce electron micrographs of the domain struc- 
of different ferromagnetic materials and compare the images obtained with the 
aid) of an electron mirror with photographs of powder patterns. Also, on the basis 
of investigation of the contrast of the electron image, we obtain quantitative 


ture 


data on the distribution of the local stray magnetic fields over the surface of 


some specimens. 


Use of an electron mirror for imag- 
Fluorescent screen ing magnetic microfields was first pro- 
posed back in 1955 in the work of Ref.1l. 
Subsequently, an instrument was developed 


A i ~ ‘ 
berration=free and in further experimentation its use 


electrc = 
A ee Bal feyetne was extended to ferroelectrics and the 
se S; patch fields of electron emitters. 
= oor In a report? presented at the Third 


NT aes eee 


All-Union Conference on Electron Micro- 
scopy there was described the design of 
an all-metal electron mirror microscope 
with in vacuo photographing; the improve- 
ments made in this design provided for 
obtaining high quality images of magnetic 


Second. : 
Photoeffect Bee Electron 
© 


Source of 
abereaiian microfields. 

f (magnetic in- In addition to the electron mirror, 
homogeneities) 


we have in the past proposed two other 
methods for obtaining microfield images: 
Fig.1. Principle of obtaining electron secondary emission and the photoeffect 
optical images in emission and quasi- (Fig.1). Both these approaches appear 

emission systems. promising. However, at present the elec- 

tron mirror has a number of advantages, 

namely, a) high sensitivity to relatively weak fields, b) high image contrast, 
and c) the possibility of observing the magnetic field configuration at different 
distances from the object. 

The sensitivity of the electron mirror, which is essentially a ‘quasiemission" 
system, is due to the fact that the illuminating electron beam is stopped at the 
object and appreciable contrast is provided by virtue of forward and reverse mo- 
tion of the electrons in the microfields. Since the electrons can be stopped and 
reversed by an appropriate electric field there is realized the possibility of 
probing the spatial structure of the field. 

In addition to the high sensitivity of the electron mirror, which is provided 
by modulation of slow electrons, it is essential that the electrons entering the 
optical system of the instrument be accelerated to an appreciable velocity. The 
employed high accelerating potential (50 kV), narrowing the electron beam, greatly 
improves the resolution of the instrument .4 


Observation of magnetic microfields and comparison with powder patterns 
Meee ee ee ee aera eT a a, ae, ell 


Electron mirror and powder pattern micrographs of the same section of a mag- 
1 there is good agreement 
netoplumbite crystal are reproduced in Fig.2. In genera 
paths the two images. However, some of the details evident in the powder picture 
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Fig.2. Domain structure of magnetoplumbite Pb0O(Fe203)¢6; (0001) plane; magnifica- 
cation 400 X. a —- powder pattern; b - electron image. 


Fig.3. Domain structure of cobalt; surface almost parallel to the hexagonal axis. 
a - powder pattern (400 X); b - electron image (800 X). 


ja 


2a 


Fig.4. Domain structure of PbO (Fe903)g; electron mirror images;(0001) plane. a - 
800 X, b — 1500 X, 
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are absent from the electron micrograph. This is 
explained by the fact that the electron image in 
the given case corresponds not to the surface 
field but to the field at a certain distance from 
the crystal and, consequently, represents the 
configuration of the field persisting at this 
distance. It will be noted that the contrast of 
the electron micrograph is high. 

Electron and powder pattern micrographs of 
the domain structure of cobalt are juxtaposed in 
Fig.3. Here again there is good agreement (the 
magnification of the electron image is twice that 
of the powder picture); in fact one may say that 
the quality of the electron image is superior to 
that of the powder pattern photograph. 

Fig.4 shows two electron mirror images of a 


Fig.5. Domain structure of section of the domain structure of magnetoplumbite 

~1000 A thick cobalt film; obtained at magnifications of 800 X and 1500 X. 

electron image; 400 X. The images are quite sharp, so that it is evident 
that such magnifications are still useful. 

f Lastly, in Fig.5 we show the electron mirror image of the domains in a ~1000 


A thick cobalt film. The film was prepared by cathode sputtering®. The domain 
structure is typical of such cobalt films and corresponds to the powder patterns. 


Evaluation of local fields from the contrast of the mirror image 


Measurement of the intensity of local stray magnetic fields is of substantial 
interest in investigating different objects: 1) domain structures, 2) magnetic in- 
homogeneities in alloys, 3) the coatings of magnetic tape, etc. The question of 
the relation between the contrast of the image yielded by an emission system and 
the intensity of local magnetic fields has been discussed earlier.® 

In the present work the evaluative procedure has been extended to electron 
mirror images of domain structures. Our purpose was to determine the decrease 
with distance from the surface of the specimen of the domain wall field. Calcu- 
lations show that the contrast of the image depends both on the strength of the 
field H acting on the electrons and the effective extent z of this field, i.e., 
on the product Hz. 

For calibrating the electron mirror we used an artificial specimen consist- 
ing of an alteration of brass and iron strips (see insert in Fig.6,a). The sur- 
face of the specimen was polished and sputtered with silver to eliminate the ef- 
fect of contact fields.’ The magnetic field above such a specimen was measured 
by means of a bismuth wire microprobe and it was found that the fall-off of the 
field was approximately exponential (Fig.6,a). Fig.6,b shows the calibration 
curve obtained for the electron mirror, namely, the variation of blackening of 
the negative (i.e., the logarithm of the relative brightness on the screen) with 
the product Hz. By varying the negative potential on the specimen in the instru- 
ment, we change the height at which the electrons are stopped, and thus can mea- 
sure the field at different elevations above the surface of the specimen. 

The variations of the local field above the surface of magnetoplumbite and 
cobalt are shown in Fig.6,c &d. It will be seen that the falling off of the 
field with distance is approximately exponential. It follows from the measure- 
ments that the constant Zo for magnetoplumbite is smaller than that for cobalt 
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Fig.6. a - Field above an artificial specimen of 
brass and iron strips (insert) measured by a bis- 
muth wire probe at different values of the magnet- 
izing current; the decrease in field is approxi- 
mated by H= Hy, *» ; b — calibration curve for 
electron mirror; c - stray field above the hexa- 
gonal plane of a magnetoplumbite crystal, % = 
= 0.02 mm; d - stray field above the surface of 
cobalt, almost parallel to the hexagonal axis, 

zo = O.0O5 mn. 


References 


by a factor of 2.5. Thus 
the local domain boundary 
field of the given speci- 
men of magnetoplumbite 
falls off appreciably more 
rapidly with distance than 
the corresponding field of 
cobalt. 


Conclusions 


The mirror electron 
microscope, which has been 
described earlier”, is 
capable of recording high 
quality images of the con- 
figuration of the magnetic 
field of bulk and film 
specimens; it can also be 
utilized for observation 
of the behavior of micro- 
fields and for measuring 
the strength of such stray 
fields at different dis- 
tances from the surface of 
the specimen. The great- 
est useful magnification 
(~2000 X) obtained so far 
is not the limiting value. 
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CONCERNING THE RECTANGULARITY OF THE HYSTERESIS LOOPS OF Mg-Mn FERRITES 


The shape of the hysteresis loops of Mg-Mn ferrites may vary greatly, de- 
pending on the composition of the material and the heat treatment to which it 
has been subjected. Under certain conditions these ferrites exhibit spontaneous 
rectangularity of the hysteresis loops!, which is evinced in the minor hysteresis 
cycles in cases when the maximum magnetizing field exceeds the coercive force of 
the material. The maximum rectangularity coefficient or squareness ratio P., = 
= (BL, /Bn)max Of some Mg-Mn ferrite Specimens attains 0.95-0.98. Here £#,. and B,, 
are the minor loop values of the residual and maximum induction. 

So far no one has successfully explained the reasons for the distinctive hys- 
teresis loops of these ferrites. 

Our earlier observations? of the domain structure in individual crystallites 
of polycrystalline Mg-Mn specimens showed that a characteristic feature of the 
domain structure of ferrites with a spontaneously rectangular loop is curvature 
of the domain walls. It was hypothesized that this curvilinearity of the boundar- 
ies is due to inhomogeneities of the crystal structure. Obviously, such inhomo- 
geneities, if they exist, must also affect all the other magnetic properties of 
such ferrites. Hence for clarifying the causes responsible for the different 
Shape of the hysteresis loop of Mg-Mn ferrites we felt it would be of interest 
to investigate further their magnetic properties and crystal structure. In the 
present work we observed the behavior of the domain structure of Mg-Mn ferrites 
with large values of Py with variation of the magnetic state along a minor hystere- 
sis loop and investigated the effect of the method of demagnetization on the shape 
of the initial magnetization curve of ferrite specimens with large values of the 

ratio. 

A a ae the domain structure on the surface of individual crystallites 
of a polycrystalline toroidal specimen of MM-7 type ferrite (P,, = 0.97) by ee 
powder pattern technique’. The dimensions of the individual crystallites a tains 
ed 1mm. The influence of the method of demagnetization on the shape of the ini- 
tial magnetization curves was investigated for two series of toroidal aes pone 
rite specimens of different ST nee oe ies MM-6 and PP-24, n eac 

re specimens with different values of Py». 
ae Rarer curves were recorded by the ballistic method. Prior to : 
i i tized either by a circular alter 

measurement of each point the specimen was demagne ae 
nating field gradually reduced to zero amplitude or by heating to above 

ERR ila of the domain structure showed that the maximum value of Py is 

disappear most of the domains 

eee sion the Sean ras SF nih ee OTE to the field in 
with disadvantageous orientation o : j Sal er 

ost of the crystallites in the state of maximum induct on. ‘ 
iat crystallites proved to be magnetized re ee eed Repo 
Deen eee ee tee is Hea rere ete persist closure do- 
Popekl yeas tennternet ectew Sind Pes differing from the orientation in 
eae aaa eonts ton. oh ae at. ‘ daries between these closure domains and 
Biase sar Tata aneccr ve tAke BOE me No substantial increase in the size 
the principal domains are usually curved. of han eR See E Os oi: 

domains is observed upon reduction o e 

CPE? AR EUEe i B. on such a minor hysteresis loop proves to be 
As a result of this, the value of 4, 0 


close to the value of B&,,; Py approaches unity. 


*The ferrite specimens were made available by L,1I.Rabkin. 
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Initial magnetization curves for Mg-Mn ferrite specimens, recorded 

after demagnetization by heating to above the Curie point (dashed 

lines) and by an alternating field of decreasing amplitude (solid 

lines). Curves 1, 2 & 3 were obtained, respectively, for specimens 
with Pp = 0.95, 0.83 and 0.63. 


The initial magnetization curves for three specimens of MM-6 ferrite having 
different squareness factors are shown in the accompanying figure. Here the 
horizontal scale is laid off in terms of the ratio of the magnetizing field H to 
the coercive force //. of the specimen; the vertical scale is laid off in values 
of the induction B of the specimen in the field //. Curves 1, 2 & 3 pertain to 
specimens with Py = 0.95, 0.83 and 0.63, respectively. 

As will be evident from the figure, in all three cases the initial sections 
of the magnetization curves obtained after demagnetization by heating lie higher 
than the corresponding sections of the curves obtained after demagnetization by 
an alternating field. The differences between the curves are the greater, the 
higher the value of the squareness factor of the specimen. In each case the two 
curves merge in the region of high fields. 

Similar results were obtained for specimens of PP-24 type ferrite. 

Thus the experimental results show that, in contrast to metallic ferromag- 
nets4-6, the permeability of Mg-Mn ferrites in weak fields is substantially lower 
after demagnetization by an alternating field than after demagnetization by heat- 
ing. Apparently this is due to the existence of a distinctive form of inhomoge- 
neities or imperfections in the crystal structure of the ferrites. 

In actual ferromagnets a number of different domain structure configurations 
may correspond to any given magnetic state of the specimen, in particular, the 
demagnetized state. Accordingly, depending on the method of demagnetization, the 
boundary between the domains may be located at different points and may have dif- 
ferent stability as regards the action of a constant magnetic field.5,»’ In a de- 
magnetized crystal the domain walls tend to arrange themselves in a pattern cor- 
responding to minimum total wall energy, the value of which is proportional to 
the wall energy density and the area of the walls. The wall energy density is a 
function of the coordinates in materials with an imperfect crystal structure. 

In the process of demagnetization of ferrites by an alternating magnetic 
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field, wherein wall displacements are involved, individual sections of the domain 
walls may be caught or retained at points corresponding to minimum wall energy 
density. As a result the wall is bent or curved. On such a curved wall there 
must appear magnetic poles, leading to increase of the magnetostatic energy of 
the crystal. The magnitude of this energy is proportional to />. In Mg-Mn fer- 
ritesthe saturation magnetization is relatively low (in PP-24 type ferrite /, = 


= 230 gauss, whereas in silicon iron with 3% Si /, = 1600 gauss), consequently, 


curvature of the domain walls in them does not result in appreciable increase of 
the crystal energy. In metals, in contrast, curvature of the walls is apparently 
energetically disadvantageous, so that such retention of walls in metals plays 
only a secondary role. 

In the case of demagnetization of ferrite specimens by heating, domains nu- 
cleate in the process of cooling at the instant of passage through the Curie point. 
Continued cooling to room temperature should lead to some displacement of these 
walls. In this case, however, the walls move a shorter distance, so that their 
retention and fixation at given points is less clearly evinced. Moreover, after 
demagnetization by heating the domain walls may be in metastable states because 
of the existence of temperature hysteresis of the domain structure.® 

The increasing difference between the initial magnetization curves obtained 
after demagnetization by heating and by an alternating field with increase of the 
squareness factor of the specimens indicates that in the states with large P, 
there probably exist inhomogeneities that strongly hinder wall displacement. These 
inhomogeneities also, apparently, hamper rearrangement of the domain structure with 
decrease of the field bringing the specimen to the B,, state on the minor hystere- 
sis loop, i.e., are responsible for the large value of P, in Mg-Mn ferrites. 

Thus, the above described experimental data substantiate our earlier hypothe- 
sis that the spontaneous rectangularity of the hysteresis loop of Mg-Mn ferrites 
is due to the existence in them of a distinctive form of inhomogeneities or imper- 
fections of the crystal structure. The nature of these inhomogeneities can only 
be ascertained by further detailed investigations of the structure of such fer- 
rites. 
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TEMPERATURE DEPENDENCE OF THE FIRST ANISOTROPY CONSTANT AND 
THE MAGNETIC STRUCTURE OF Fe-Mn FERRITES ; 
- L.V.Kirenskii, A.I.Drokin, V.D.Dylgerov, N.I.Sudakov & E.K.Zagirova 


Introduction 


In recent years there have been a number of studies of the crystal aniso- 
tropy of ferrites!, the temperature dependence of the anisotropy? »% and the domain 
structure of ferrite crystals4~9, 

In 1950 Bickford? used the microwave resonance absorption technique to deter- 
mine the temperature dependence of the first anisotropy constant for natural mag- 
netite. He found that with increase of the temperature to -80° the anisotropy 
constant decreases and then, with further warming of the specimen, increases some- 
what. 

The temperature dependence of the first anisotropy constant of cobalt fer- 
rites was investigated by Perekalina & Askochenskii?. These authors showed that 
this dependence obeys the experimental Bryukhatov-Kirenskii law 


K — Teg ee (1) 


where K is the value of the first anisotropy constant at 7°K, Ko is the value of 
the constant at O°K, and ais a constant. Recently, Turov & Mitsek1l0 published 
a theoretical investigation of the temperature dependence of the anisotropy con- 
stant of ferrites. 

In the present work, using the torque measurement procedure, we investigated 
the temperature dependence of the first magnetic anisotropy constant of single 
crystal iron-manganese ferrite concurrently with observation of its domain struc- 
ture. Ferrite of this composition is typical of most monoferrites with the spinel 
structure; in it - in contrast to cobalt ferrite - the easy magnetization direc- 
tions are parallel to the <lll> axes. 


Experimental Procedure 


For preparing the specimens we used single crystals of manganese ferrite 
(Mn Fe904) with an excess of manganese (25% hausmannite - Mn304). The single 
crystal boules were grown by the Verneuil technique by A.A.Popova in the Insti- 
tute of Crystallography of the USSR Academy of Sciences. These single crystal 
boules were turned down to form spheres from 4 to 8 mm in diameter. 

For determining the first anisotropy constant and its temperature dependence 
we used the method of measuring the torque acting on the specimen in a uniform 
magnetic field produced by a rotatable electromagnet. The uniformity of the field 
was checked by the ballistic method. The electromagnet angles were set with the 
aid of a special vernier dial to within 0.5'. The torques were measured by means 
of an Akulov type anisometer (torquemeter) with a somewhat modified strain gage. 
The sensitivity of the anisometer was 1.3°102 erg/cm3 per 1 mm scale. According 
to our estimates, the error in measuring the torques did not exceed 2%; the un- 
certainty in measuring the temperatures did not exceed 2°. 

The easy magnetization axes were determined by means of a specially designed 
Cardan suspension. The torques were measured in the (100) plane. 

First we recorded the curves for torque versus angle between the field and 
the [100] direction in different fields at room temperature and at liquid oxygen 
temperature. Then we recorded the variation of the maximum torque in the (100) 


plane with variation of the temperature during heating from -183° to +300° ana 


NS ee Ne re eee Tn eT 
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subsequent cooling back to -183°, The field strength 
in these measurements was 5100 Oe, which insured techni- 


M10 org/om™ 2 cal saturation of the specimen. 

7 The domain structure was observed in the (110) plane; 

5 to this end appropriate flats were ground and carefully 
polished, after which the specimens were etched by boil- 

§ ing in 30% sulfuric acid. For obtaining the powder pat- 


terns we employed the colloidal suspension technique de- 
veloped by Elmorell, fhe powder patterns were observed 

§ and photographed by means of an MBI-6 microscope at line- 
ar magnifications of 117 and 234. 


a 


1 / Experimental Results and Analysis 
"7000 2000 $000 4000 H 06 The torque curves recorded at both room and liquid 


oxygen temperature were regular sine curves with a period 
Fig.l. Variation of the of x/2 (the main difference was that the low temperature 
maximum torque with the curves had an appreciably greater amplitude). The fact 
intensity of the ex- that the torque curves recorded with clockwise and counter- 
ternal magnetic field: Clockwise rotation of the field were displaced relative 
i) tat 220 2) at -183°. to each other indicated the presence of hysteresis losses 
in strong rotating fields. 

The variation of the maximum torque in the (100) plane as a function of the 
magnetic field at 22° and -183° is shown in Fig.l. It will be seen that at 22° 
the torque is virtually nil in fields up to 750 Oe. This means, of course, that 
the Fe-Mn ferrite is virtually isotropic in fields to 750 Oe. In.fields from 750 
to 1000 Oe the torque increases, attaining a value of 0.71-1074 erg/cm3 and then 
remains at this value with further increase of the field strength. Sharp increase 
of the torque at liquid oxygen temperature is observed in magnetic fields ranging 
up to 3000 Oe. It will also be evident from Fig.l that with reduction of the tem- 
perature from 22° to -183° the torque increases by a factor of about 10. 

Inasmuch as the torque measurements were carried out in the (100) plane, the 
value of the first anisotropy constant KA, was calculated by means of the formula 


M=sin4y, (2) 


where is the torque (mechanical moment), | is the angle between the field H and 
the [100] direction. At = 22930' the constant K, = 2M. 

The temperature dependence of the first anisotropy constant is shown in Fig. 
2. It will be seen that for our Fe-Mn ferrite K:iis negative and decreases in 
absolute magnitude with increasing temperature in the range from -183° to +220°. 

A plot of In A, versus T2 is shown in Fig.3. The fact that the variation is 
linear indicates that the Bryukhatov-Kirenskii experimental law is valid for crys- 
tals of this type as well. Extrapolation of the straight line plot to absolute 
zero yields K,= 17-1074 erg/cm3. 

Our observations of the domain structure indicate that the character of the 
structure depends on the direction of demagnetization of the specimen. In the 
case of demagnetization in the [110] direction the powder patterns on a (110) 
surface have the appearance of thick parallel lines oriented at right angles to 
one of the easy magnetization axes (Fig.4,a). Between the main heavy lines there 
is observed a secondary spike-type structure, which indicates that actually the 
specimen surface was inclined at a slight angle to the (110) planes. 
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No significant alteration of the domain structure is observed during magnet— 
ization in the [110] direction in fields up to 400 Oe (Fig.4,b). With further 
increase of the field to 600 Oe only the secondary structure changes (Fig.4,c). 
In the field range from 750 to 1000 Oe, however, there occurs a pronounced change 
in the domain structure (Fig.4,d & e). In this field interval there appear new 
walls, extending at right angles to the second direction of easy magnetization. 

A secondary spike-type structure is again observed between the new walls. In 
fields of about 1000 Oe (Fig.4,f) the process of formation of new walls termin- 
ates and the old walls disappear almost completely. The newly formed walls dif- 
fuse and disappear in a field of about 1300 Oe. 

It must be noted that the new walls do not appear everywhere on the (110) 
surface. In areas where new walls do not appear, after demagnetization in the 
[110] direction there is established a domain structure analogous to the initial 
one. No change in the structure is observed with increase of the field to 723 Oe 
(except for some minor changes in the secondary spike-type structure). With fur- 
ther increase in the field strength the main lines (walls) diffuse at some points 
and then disappear completely at a field of about 1300 Oe. We did not observe 
any wall displacements. 

Comparison of the variation in torque and the alteration of domain structure 
with increase of the field strength indicates that the greatest changes in domain 
structure are observed at field intensities corresponding to sharp increase of 
the crystal anisotropy. 

It is impossible at present to propose any satisfactory model for either the 
domain structure or its variation with the field intensity. 

We desire to express our deep gratitude to A.A.Popova for making available 
the single crystal ferrite specimens. 
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Fig.4. Domain structure on a (110) surface: a) H = 0, b) H 
) H = 1000 Oe. 


Oe, d) H = 760 Oe, e) H = 800 Oe, f 
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DETERMINATION OF THE CHARACTER OF THE MAGNETIC ANISOTROPY OF ALLOYS WITH 
SINGLE DOMAIN STRUCTURE FROM THEIR RESIDUAL MAGNETIZATION 
- M.G.Luzhinskaya 


1. Where high-coercivity ferromagnets with a single domain magnetic structure 
are concerned, a significant consideration is the character and nature of the mag- 
netic anisotropy of the single domain formations, for it will be recalled that 
single domain magnetic structure leads to a large coercive force //. only in the 
presence of a sufficiently large magnetic anisotropy. According to theory, there 
are three possible sources of magnetic anisotropy of single domain formations: 
the natural crystalline anisotropy K, anisotropy proportional to Ao (A is the mag- 
netostriction) and associated with the presence of anisotropy of internal stres- 
ses o, and anisotropy of the shape of the single domain particles. In the case 
of most high-coercivity alloys it is generally impossible to establish which of 
these factors is responsible for the large value of H., inasmuch as the high co- 
ercivity state corresponds to a finely dispersed crystalline structure at the ini- 
tial stage of structural transformations. It is impossible in practice to deter- 
mine K and A of the individual structural formations and the distribution of in- 
ternal stresses. It is a risky and doubtful procedure to apply to individual 
structural formations the values of the constants obtained in measurements on 
bulk alloy specimens. The shape of the structural components can rarely be deter- 
mined precisely if at all. In cases when the shape of the structural components 
is known, one must still determine whether it plays a dominant role. 

One of the methods of determining the character of the anisotropy in materi- 
als with a single domain magnetic structure is comparison of the calculated and 
measured values of the relative residual magnetization /,— I,/t,, Where I, is the 
absolute residual magnetization and /, is the saturation magnetization. 

According to the recent calculations of Wohlfarth & Tongel, in the case of 
uniform distribution in space of n directions of easy magnetization in each parti- 
cle for a large number of chaotically oriented single domain particles 7. = 0.5, 
0.74, 0.83 and 0.86 for n= 2, 4, 6 and 8, respectively. 

In metallic ferromagnets there are known to be cases with n= 2 (uniaxial) , 
n= 6 and 2 = 8 (cubic anisotropy). Uniaxial anisotropy may be due either to 
natural crystal anisotropy or to anisotropy of the stresses or shape of the ferro- 
magnetic formations. Cubic anisotropy, apparently, cannot arise owing to stress 


eT 
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or shape anisotropy but is always associated with anisotropy of the cubic crystal 
lattice. 


If a given alloy has a Single domain magnetic structure and is isotropic, 
one can from the measured value of jr judge of the number of directions of easy 
magnetization in the material. It must be borne in mind, however, that the above 
mentioned method of calculation of j, does not take into account magnetic inter- 
action between the individual single domain formations. If this interaction is 
appreciable, the results of calculation may be misleading. 2 

The purpose of the present work was to establish the character of the mag—- 
netic anisotropy in the high-coercivity alloys Alni and Vicalloy by comparing the 
measured and calculated values of ;,. It is known3,4 that these alloys have a 
Single domain magnetic structure. It has been shown for Alni alloy that its high 
coercive force is connected with uniaxial magnetic anisotropy.° As far as we know, 
there are no data in the literature regarding the magnetic anisotropy of Vicalloy. 

2. In the case of Alni alloy (24.5% Ni, 13% Al, 3.5% Cu and 59% Fe) specimens 
the measurements were carried out on bars measuring 48 x 4 x 4 mm, cut from dif- 
ferent sections of an ingot in two mutually perpendicular directions. The measure- 
ments were carried out in a solenoid and an electromagnet with and without armco 
iron bridging yokes designed to reduce the demagnetizing effect of the ends of the 
Specimen. It was established that the magnetic properties of the initial casting 
are isotropic within the limits of the measurement error. The coercive force of 
the alloy was found to be 500 Oe. Measurements on ten different specimens yielded 
J, = 0.5 (experimental uncertainty 5%). This value of /, corresponds to the rela- 
tive residual magnetization calculated for the case of single domain structure 
with uniaxial magnetic anisotropy. 

The Vicalloy specimens were prepared of sheets 1 mm thick (composition: 12% 
V, 50% Co and 38% Fe) and sheets 0.6, 0.4 and 0.2 mm thick (composition: 11% V, 
52% Co and 37% Fe). The specimens, measuring 140 mm in length and 4 mm in width, 
were cut at angles 0, 45 and 90° to the direction of rolling. The measurements 
were carried out in a solenoid with fields of up to 2700 Oe. The 2700 Oe field 
is sufficient for obtaining the maximum values of /, for the given specimens. The 
value of /, was found by extrapolation to an infinitely strong field. 

Our measurements showed that Vicalloy sheets have a minor degree of texture. 
In all sheets the values of //. and /, in the direction of rolling are somewhat 
greater than in the direction perpendicular to that of rolling, but the differ- 
ence does not exceed 10%. At an angle of 45° to the direction of rolling the 
values of H, and /, are intermediate between those for O and 90°. For the 1 mm 
thick sheet the value of /H/, in the direction of rolling is 320 Oe; across the 
sheet 300 Oe. For the 0.2, 0.4 and 0.6 mm sheets //, = 225-230 Oe in the direction 
of rolling and 205-220 Oe across the sheet. The value of j, for all the specimens 
equalled 0.80-0.84 in the direction of rolling and 0.74-0.79 at right angles to 
the direction of rolling. 

From the measured values of /, it may be inferred that the magnetic aniso- 
tropy in Vicalloy cannot be purely uniaxial. In fact, it may be asserted that 
the dominant role in Vicalloy is played by cubic magnetic anisotropy associated 
with the natural crystalline anisotropy of the ferromagnetic Q-phase, which has 
a body-centered cubic lattice.© According to the calculations of Tonge & Wohl- 
farth’, in the presence of two forms of anisotropy - uniaxial and cubic - oe in- 
fluence of the former on the value of /, should predominate. Our results, owever, 
show that in Vicalloy uniaxial anisotropy does not predominate over cubic aniso- 
ae Alni alloy there also obtains cubic magnetic ony, associated with +s 
anisotropy of the crystal lattice, but here the predominant role is played by un 


- 1494 - 


axial anisotropy of the single domain formations; this pete ASI is due to the 
shape of the structural components which are individual domains. 

As for the possible influence of magnetic interaction of the single domain 
formations on ;,, the agreement of our inferences regarding the magnetic aniso- 
tropy of Alni alloy with the results of other studies indicate that in the given 
alloy magnetic interaction between the formations does not play a significant 
role, at least where the value of 7, is concerned. In Vicalloy this interaction 
must be even weaker; we arrive at this conclusion in view of the following con- 
siderations. In Alni alloy in the high coercivity state both the phases present 
are ferromagnetic and differ little as regards their magnetic properties; in con- 
trast, in Vicalloy one of the phases present is ferromagnetic, while the other 
is paramagnetic. The dimensions of the individual phase regions in both alloys 
are of the order of hundreds of angstroms? 8; the values of /, for the two alloys 
are also close. Consequently, comparison of the measured value of ;, with the 
calculated value on the assumption that magnetic interaction between single do- 
main formations is justified. 

3. Thus by comparing the measured and calculated values of the relative re- 
sidual magnetization in Vicalloy and Alni alloys we have substantiated the avail- 
able data on the predominant role of uniaxial magnetic anisotropy in Alni alloy 
and have established that in Vicalloy the magnetic anisotropy is cubic in charac- 
ter and is associated with magneto-crystalline anisotropy of the ferromagnetic 


phase. 
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ON THE NATURE OF THE COERCIVE FORCE IN ALNICO ALLOYS 
- A.S.Ermolenko & Ya.S.Shur 


1. It is known!>2 that alloys based on the Fe-Ni-Al system, which are exten- 
sively used for fabrication of permanent magnets, owe their properties to the pres- 
ence in them, after appropriate heat treatment, of phases differing markedly as 
regards their magnetic attributes. These phases segregate as a result of decompo- 
sition of the supersaturated solid solution. In the state with maximum coercive 
force these phases are present in the form of finely dispersed segregations or 
formations that are anisotropic as regards shape. This leads to single domain 
magnetic structure of the alloy, which, in conjunction with the shape anisotropy, 
results in the high coercivity of the material. 

In distinction to other disperse-hardening alloys used for permanent magnets, 
Fe-Ni-Al base alloys have the characteristic that the maximum coercive force in 
them is obtained not after rapid quenching from the temperature of the single 
phase state and subsequent annealing (hereinafter type I heat treatment), but af- 
ter cooling from this single phase state temperature at a certain critical rate. 
Usually for obtaining the best characteristics additional annealing after cooling 
at the critical rate is required. We shall hereinafter refer to such heat treat- 
ment - cooling at a critical rate followed by annealing - as type II treatment. 

It has been shown by Lifshits & L'vov"»5 that in the case of type II heat 
treatment the decomposition of these alloys is a two step process. In the upper 
temperature interval there occurs a preparatory process, while actual final de- 
composition takes place in the lower temperature interval. As a result there is 
obtained a structure that cannot be obtained by type I heat treatment, which does 
not include the high temperature decomposition stage- Little as yet is known re- 
garding the nature of the processes occurring during type I and II heat treatments 
and there is only scanty information on the difference between the structures form- 
ed. The available electron microscopic data4,5 are scanty and contradictory. 

In the present work we attempted to determine the reasons for the difference 
between type I and type II heat treatments by investigating the magnetic properties 
of single crystals of the alloy with the composition 24% Co, 14% Ni, 8% Al, 3% Cu 
and 51% Fe. The regularities characterizing the decomposition of this alloy are 
similar to those for alloys of the Fe-Ni-Al system, while the difference in pro- 
perties after treatments I and II is particularly pronounced. 

2. The single crystals were obtained by the method of collective recrystal- 
lization. The specimens were prepared in the form of disks 6 mm in diameter and 
0.35 mm thick. The surface of the disks deviated by not more than 2° from the 
(100) planes. The orientation of the single crystals was determined by magnetic 
and x-ray diffraction studies. All the heat treatments were carried out in an 
atmosphere of argon. 

The investigated magnetic characteristics and parameters (saturation magnet- 
ization and its temperature behavior, temperature dependence of the coercive force, 
torque curves and rotational hysteresis) were measured by means of a Williams type® 
magnetometer. The coercive force at room temperature was measured by the conven- 
tional ballistic procedure. 

Specimen No.1 after heating to 1250° was quenched by contact with a cold ea 
surface and had a coercive force He < 2 Oe. Specimen No.2 was cooled pace 1250 
at a rate of ~1.5 degree/sec in the temperature interval from 950 to 700” and had 


| Hoe = 220 Oe. After this both specimens were annealed at 625°. Thus, in effect, 


specimen No.1 was subjected to type I heat treatment; specimen No.2 to type II 
heat treatment. 
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3. The curves in Fig.l give the variation of the coercive force (upper 
curves) and the amplitude of the torque curves measured in a field of 16 600 Oe 
(lower curves) as a function of the heating time at 625°. It will be seen that 
the coercive force of specimen No.2 rapidly attains its limiting value of 430 Oe 
and then remains virtually constant. The coercive force of specimen No.1 after 
60 hour annealing at 625° attains a value of 90 Oe.* The amplitudes of the torque 
curves of the two specimens become virtually equal after 54 hours heating at 625°, 
but with further heating the amplitude for specimen No.1 becomes even greater. 

Fig.2 shows the variation of the amplitude of the torque curves with the in- 
tensity of the external magnetic field after different heat treatments. After 
quenching from 1250° (curve 1) the amplitudes are negative in the entire investi- 
gated field range and are only weakly dependent on the field strength. After 
cooling at the critical rate from 1250° 
(curve 2) the amplitude is positive in 
fields weaker than 800 Oe and negative 
in stronger fields. After 60 hours an- 
nealing at 625° (curves 3 & 4) the ampli- 
tudes are positive in the entire investi- 
gated field range. 


0 20 40 QO ie 


Heating time, h. 


Fig.l Fig.2 
Fig.1. Variation of the coercive force Hy, and amplitude Mnpax of the torque curves 
as a function of the time and temperature of annealing for type I and II heat 
treatments. 

Fig.2. Variation of the torque curve amplitude with the intensity of 

the external field for single crystals subjected to different heat 

treatments: 1 - quenching from 1250°, 2 - cooling at critical rate 

from 1250°, 3 - same as 1 but followed by 60 hour annealing at 625° 

4 - same as 2 but followed by 60 hour annealing at 625°, 


“It must be noted that this is not the maximum coercive force that can be 
obtained after type I heat treatment. Thus, additional heating at 700° with sub- 
sequent annealing at 625° leads to an appreciably higher coercive force (Fig.1) 

As was noted, however, the purpose of the present work was not to obtain the maa 
mum coercive force, but to investigate the magnetic properties obtaining at a cer- 
tain stage of annealing after slow and rapid cooling with a view to clarif i th 
characteristics of decomposition incident to different heat treatments. a: : 
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The character of 
the torque curves ob- 
tained in our case is 
connected with the 
presence in the speci- 
mens of two forms of 
anisotropy: 1) magnet- 
ic crystallographic 
anisotropy, and 2) 
anisotropy associated 
with the shape of the 
phase segregations 
(stray field aniso- 
tropy). As was shown 
by Nesbitt et al? in 


ge We10> erg tom? ‘cycle 


10 20 H-10*,0e 
recording torque curves 
Fig.3 Fig.4 the effect due to shape 
Fig.3. Temperature dependences of the relative saturation anisotropy is opposite 
magnetization and coercive force after type I (specimen in sign to the effect 
No.1) and type II (specimen No.2) heat treatment. of crystallographic 
Fig.4. Variation of the rotational hysteresis loss as a anisotropy and, more- 
function of the external magnetic field after type I (spe- over, with increase 
cimen No.1) and type II (specimen No.2) heat treatment. of the field at first 


increases and then de- 
creases. 

It will be evident from Fig.2 that in the process of decomposition of the al- 
loy the role of stray field anisotropy increases: the curves shift from negative 
to positive values. After 60 hours heating at 625° the torque curves for the spe- 
cimen subjected to treatments I and II (curves 3 & 4) have virtually equal ampli- 
tudes in a wide field range, whereas the coercive forces of the specimens differ 
by a factor of almost five. 

Investigation after these two treatments of the temperature dependences of 
the saturation magnetization I, and the coercive force H, in the temperature range 
wherein these characteristics vary reversibly, showed that I, and its temperature 
dependence are identical for both specimens, and the H, versus T curves are simi- 
lar but somewhat separated (Fig.3). As regards saturation magnetization the points 
of specimen No.2 coincided with the points of specimen No.1. The breaks in the I, 
versus T plots and the peaks in the H, versus T curves, which are associated with 
the Curie point of the weakly magnetic phase®, occur at the same temperature (~300°) 
for both specimens. This indicates that the phases resulting from decomposition 
are identical or close in composition regardless of the type of heat treatment. 

The relative amounts of the phases also cannot differ greatly. It follows, there- 


fore, that the magnetic crystallographic anisotropy of the alloy also cannot dif- 


fer greatly in the course of heat treatments of type I and II. Consequently, the 


effective stray field anisotropy after type I treatment is not less than after 


type II treatment and the observed difference in coercive force cannot be explain- 


ed by difference of the particle shape anisotropy. 
Fig.4 shows the rotational hysteresis loss Wy versus external field strength 


E recorded for specimens No.1 and 2 after 60 hour annealing at 625°, Rotational 


hysteresis has the same nature as ordinary hysteresis in an alternating magnetic 


5 field. Hence its magnitude in our case will depend on the individual coercive 


, 
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forces of the particles, and the shape of the W; versus H curve will quanti tative- 
ly characterize the volume distribution of particles as regards coercive force. 
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It will be evident from Fig.4 that the range of fields in which rotational hys- 
teresis is observed is the same in the case of type I and type II heat treatments, 
which indicates that the coercive forces of the phase segregations lie in the 
same range. But the distribution of the segregations as regards values of the 
coercive force in this range is different. In the case of type II heat treatment 
the peak of the Wy, versus H curve is shifted to the side of much stronger fields, 
which indicates the presence of a largervolume of segregations with a small co- 
ercive force in the case of type I heat treatment as compared with type II heat 
treatment. 

4. Such distribution of the particles in Hg allows of explaining the great 
difference between the coercive forces of the specimens after treatments I and 
II despite the equal amplitudes of the torque curves. The effect of shape aniso- 
tropy is additive and may have the same value for different distributions of the 
segregations. The presence in the system of particles with a small coercive 
force reduces the coercive force of the specimen as a whole. 

The principal reason for the different distribution of particles in He after 
different heat treatments may be due to difference of distribution of the parti- 
cles in size. Other conditions being equal, the coercive force of particles is 
a function of their size, and the size dependence of H, has a maximum. Hence a 
certain optimum particle size is necessary for obtaining the maximum coercive 
force. Moreover, the magnitude of the shape anisotropy, which is directly con- 
nected with the magnitude of the coercive force, may also depend on the particle 
size if the shape of the particles changes in the process of growth. 

We hypothesize that a distinctive feature of 
type II heat treatment is that it allows of obtain- 
ing a structure with segregations of approximately 
the same size and moreover with dimensions corre- 
sponding to a high coercive force (Fig.5). In con- 
trast, as a result of type I heat treatment there 
is obtained a structure with a wide scatter of the 
particles as regards size with the result that the 
coercive force is much lower than in the case of 
type II heat treatment. 

A possible structure formation mechanism is 
Fig.5. Schematic representa- the following. It is known? that the maximum rate 


tion of the structure of of formation of new phase nuclei in phase transfor- 
single crystals after type mations in solids occurs in a temperature interval 
I and II heat treatments. lying somewhat below the temperature of complete 


solubility. In the case of type II heat treatment 

cooling through this temperature interval occurs slowly enough to permit forma- 
tion of a large number of new phase nuclei. But the time interval in which the 
nuclei form and grow is rather narrow so that the segregations are more or less 
uniform in size (narrow scatter of particles in size). On the other hand, in the 
case of quenching, cooling through the temperature interval of intensive new phase 
nucleation is rapid. Hence there is formed only a small number of new phase nu- 
clei. At the temperature of subsequent annealing the rate of nucleation is low 
and the process is extended in time. Hence, on the one hand, the earlier formed 
nuclei have time to grow to large size and, on the other hand, there form new 
alee) i.e., there results wide scatter of the particles in size. 

ese characteristics of the decomposition of these alloys ar 
the fact that diffusion in them proceeds very slowly and redintei het ote ae 
particles in size at low temperatures is virtually impossible. Heating to a high- 
er temperature (700°) , obviously, makes such redistribution in size possible and 
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the difference between type I and type II heat treatments is obliterated, as will 
be evident from the high annealing temperature portion of the curves in Fig.1. 

In this case the W, versus H curves (not shown) are virtually identical for both 
Specimens, 


Admittedly, the proposed explanation stands in need of experimental verifi- 
cation. 


We desire to thank L.V.Smirnov for growing the single crystals and L.M. Magat 
for determining their crystallographic orientations. 
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CARBONYL IRON POWDERS 
- V.L.Volkov, I.S.Tolmasskii & A,E,.Fridenberg 


The rapid growth of electronics has stimulated the need for development of 
new magnetic materials characterized by superior electromagnetic properties in 
a wide frequency range. Among such materials are magnetodielectrics (molded 
cores) made of various ferromagnetic powderst, and of these the most important 
for high frequency applications are carbonyl iron powders. 

We recently established certain relations between the physical-chemical and 
electromagnetic properties of carbonyl iron and, on the basis of this, developed 
some new types of powder: low loss carbonyl iron (type KZh) ,3 carbonyl iron-nickel 
powders with different nickel contents? and decarbonized carbonyl iron (type VKZh) 

Table 1 lists the electromagnetic parameters of toroidal cores fabricated of 
these and other carbonyl powders. In Table 1 and below, we use the following no- 
tation: lo - initial permeability, 6nr, - Rayleigh hysteresis loss factor, 46;. - 
loss factor due to eddy currents and viscosity®, 6, - initial hysteresis loss fac- 
tor, and t.c.u, - temperature coefficient of the initial permeability. 


Table 1 
Electromagnetic Parameters of Carbonyl Powders 


! 
Powe Composition, .% 
a wo | Sng 10" ¢--10° Son Fl tg pt 10° 
+ Fe Cc N O Ni 
(KZh) HK | 97,29] 0,95 |0,86} 0,90 — 14 Vege: Zea Oan) 175 
(N25) Hes 192,99) 0-04 pa Be [22.3.4 Ago alee GO 120 
(N-50) H-50 |49,99] 0,01 | — — D0 | 24 0,95 3,0 | 0,62 100 
(VKZh) BH | 99,99} 0,01 | — — — 26 5,8 iii 0,85 260 
Table 2 


Electromagnetic Parameters of Type KZh Carbonyl Iron Powders 
of Different Chemical Composition 


Composition, % | 


be Shp ios Bil | Bon 10° [t.cobg- 40° 
Fe C N ) | 
97,11 0,93 1,06 0,9 42,6 0,160 | ao | O,4 136 
67,85, |. 00,76 «| 0,74 0:7.) 13.7 bo O2e. 1.440 2 oe 97 
97,87 0,68 OFoo 0,86 42,9 OF | 0,9 0,412 66 
98 , 00 0,65 OMG, 3 OL 1258 0,079 | 0,88 |; 0,06 62 
98 34 0,58 0,46 0,65 A dt Ort i Diya be O13 | 15 


fe nae SS ena parameters of type KZh powders with the same degree of 
Spersion (mean particle size day = 2.27-2.37 u) but diff 
ape etn ret re} erent compositions are 
The particle size dependence of the electromagnetic parameters of type KZh 
Shi iron with the same chemical composition (~0.65% C, 0.65% N) is given in 
able 3. 
Curves illustrating the influence of the 
presence of nonspherical particles 
(irregular fragments and particles with bulbous structure) in type KZh powders16 
on si bata loss tangent of the molded specimens are shown in Fig.l 
e Irequency dependences of the magnetic loss tangent of co 
bonyl iron powders are shown in Fig.2. : Nitta ae a 
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Table 3 


Electromagnetic Parameters of Type KZh Carbonyl Iron Powders 


of Different Grain Size 
ee eter CN 


aye | Po 
1,86 10,1 
2520 12,8 
2,65 13, 


Brp10 | By_710° Bon +108 s 


festa 


—25 
of 
o2 


0,06 


0,05 | 
0,20 


0,60 0,12 
0,079 
0,14 


Properties of the Different Types of Carbonyl Powder 


tg 6,107, ty 6-10" 


§ 6 %fragments 


60 65 70 7§ 80 
% bulbous particles 


Fig.1. Dependence of magnet- 
ic loss tangent on percen- 
tage of irregular fragments 
and bulbous particles con- 
tained in powder: 1 - de- 
pendence of tan 6, on per- 
centage of fragments; 2 - 
dependence of tan 6, on per- 
centage of bulbous particles; 
3 - analogous dependence for 
tan 6, . 


Measurements have shown (Table 1) that the ini- 
tial permeability of type KZh powder is well below 
that of powders of types VKZh, N-5 and N-50. This 
difference is explained by the much larger contents 
of carbon and nitrogen (in the form of iron carbide 
and nitride) in the KZh powders, as well as the 
bulbous structure of the particles, which inhibits 
domain wall motion in the applied magnetic field. 

Decarbonization of carbonyl iron produces a 
substantial increase of the magnetic losses. For 
example, the eddy current loss in type VKh powder 
is five times and the hysteresis loss twelve times 
the equivalent losses in type KZh powder. That this 
is a consequence of break up of the regular bulbous 
structure of carbonyl iron is clearly evinced by 
the curves of Fig.1, which show the dependence of 
tan 6, and tan 6, on the number of particles with 
a bulbous structure. 

It is also evident from Table 1 that the losses 
in carbonyl iron-nickel powders (type N-50 in parti- 
cular) , as compared to type VZKh, are appreciably 
lower, a fact which is explained by the reduction 
in conductivity as a result of alloying the iron 
with nickel.’ The decarbonized powders, in contrast 
to the type KZh powder, are characterized by a high 
value of the +.c.u) apparently as a result of en- 
hanced domain wall motion owing to elimination of 
the impurities. 

The electromagnetic parameters of type KZh pow- 


ders are determined to a considerable extent by their chemical composition and 


aon 


particle size. 


Our investigations of a group of these powders with the same aver- 


age particle size (~3 y) and different chemical compositions (Table 2) show that 
as the percentage of carbon and nitrogen is reduced, the hysteresis loss falls off 


to a certain minimum value. 


Further reduction of the impurity content leads to 


increase of the hysteresis and eddy current losses as the result of reduction in 


number of particles with bulbous structure. 
Ee It is further apparent from Table 2 that a reduction of the impurity content 


of type KZh powder is accompanied by a decrease in the ‘t.c. 
of change in the conditions of preparation of the powder. 


Uo. This is a result 
Strongly carbonized 


powders are obtained at a higher dissociation temperature of iron pentacarbonyl, 
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which reduces the stresses that arise in the crys- 
7 tal lattice during formation of the powder grains. 
GATES This ultimately leads to an increase of the 
An increase in the particle size of type KZh 
powders with a given composition leads to an in- 


ei crease of the hysteresis and eddy current losses 

20 y and an increase of the t.c.u); this is plainly evi- 
15 dent from Table 3. The greater hysteresis loss is 
o2 explained® by an increase in the microeddy currents 

ae induced by domain wall motion in the corresponding 
5 volume of the ferromagnet. The higher value of the 
t.Cely may be attributed to reduction of the stres- 

CEE Chrys ses in the crystal lattice with growth in particle 


size. The higher losses associated with increase 
Fig.2. Frequency dependence in the number of irregular fragments (curve 1, Fig. 
of tan 6 for carbonyl iron 1) are a result of impairment of the insulation be- 
magnetodielectrics with the tween particles in the process of compacting the 
following impurity contents: core, i.e., formation of intergranular contacts as 
1 - 0.93% C & 1.06% N; 2 - a result of friction. 

0.58% C & 0.76% N. It may be noted that the curves of Fig.2 sub- 

stantiate the existence of impurity-induced magnet- 

ic viscosity in carbonyl iron. 
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INVESTIGATION OF ROTATIONAL HYSTERESIS IN COLD ROLLED AND RECRYSTALLIZED NICKEL 
- N.L.Bryukhatov & N.A.Grinchar 


There have been numerous investigations devoted to the energy dissipated in 
rotational hysteresis: investigators have measured the rotational hysteresis loss 
in polycrystalline materialsl-9 and in single crystalsl0-16, in these studies, 
however, there were not taken into account such factors as internal stresses and 
the orientation of the crystallographic axes relative to the rotating field, fac- 


fos, which, as our experiments show, have a strong influence on the magnitude of 
e loss. 


Experimental results 

0-104 erg/om* The measurements were carried 

out on specimens of high purity elec- 
trolytic nickel: total impurity con- 
tent 0.03% including 0.012% cobalt. 
The nickel was rolled at low pressure, 
the total reduction being 90% as a re- 
sult of 200 passes. As a result of 
such cold rolling there is realized in 
high purity nickel "cold roll texture" 
with uniform distribution of the crys- 
tallites among the (110) [112] and 
(112) [111] groups and there are in- 
duced internal stresses.17,18 go- 
called "cube oriented texture” (here- 
inafter "cube texture") was formed as 
a result of collective recrystalliza- 
tion in specimen No.17 after 2 hour 
vacuum annealing at 1100° and in spe- 
eff?°© cimen No.74 after 2 hour annealing at 
Fig.1. Experimental rotational hysteresis 11209. The specimens were in the form 


| os 
729 ~=©200 300 400 500 600 700 800 


ie) 
G00 FB 


loss curves: 1) specimen No.73 prior to of disks 15 mm in diameter and 0.125 
annealing, 2) specimen No.57 after anneal- mm thick. 

ing at 365°, 3) specimen No.62 after an- The torque curves were recorded 
nealing at 370°, 4) specimen No.73 after on a string torquemeter.19 The sta- 


annealing at 380°, 5) specimen No.17 with tionary magnetic field was produced in 

cube texture after annealing at 1100°, 6) the plane of the disk by an electro- 

specimen No.74 with cube texture after magnet. By successive rotations, the 
annealing at 1120°. disks were set at different angles of 

the rolling direction relative to the 

magnetic field. As usual, the values of the torque were determined from the tor- 

sion of the calibrated filament necessary to compensate the torque produced by 

the field. 

The value of the rotational hysteresis loss was determined by planimetric 
measurement of the areas between the torque curves recorded for clockwise and 
counterclockwise rotation. 

We investigated three specimens cut from the same sheet of cold rolled nickel. 
For each of these specimens prior to annealing we recorded torque curves at room 
temperature and on the basis of these plotted the rotational hysteresis loss as 
a function of the effective field Hegr. These curves were very similar in charac- 
ter (Fig.1). Further, each of the specimens was annealed in vacuum for half an 
hour at different temperatures. As a result of this annealing, which relieved 
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the internal stresses to different de- 

grees!7,18, the rotational hysteresis 
@10"% erg lon losses, again measured at room tempera- 
ture, were significantly reduced, the 
decrease being greater for higher an- 
nealing temperatures (see Fig.1). The 
lowest losses were obtained for the two 
disks with cube texture (curves 5 & 6). 


Soe 


50 100 150 200 250 300 350 400 Noteworthy is the pronounced difference 
Ho gf, Ve between curves 1-4 (cold rolled nickel) 
Fig.2. Experimental hysteresis loss and curves 5-6 (cube texture obtained 

curves plotted to an enlarged scale: as a result of high temperature anneal- 
1) specimen No.17 with cube texture, ing). In Fig.2 we show the loss versus 
2) specimen No.74 with cube texture, effective field curves for the cube tex- 
3) nickel single crystal. Losses in ture specimens (curves 1 & 2) to an en- 
the (100) planell, larged scale and for comparison the da- 


ta for a nickel single crystal from Ref. 
11 (curve 3 - nickel single crystal in the form 
of a sphere, for which the losses were determined 
in the plane parallel to a cube face). 


Discussion 


The phenomenon of rotational hysteresis is 
usually described in terms of lag of the magneti- 
zation vector I, behind the external field in the 
rotating ferromagnetic specimen. Thus, Gans & 
Loyarte* represent the angle of lag of the induc- 
tion vector behind the effective field as a func- 
tion of the induction B. Akulov20 showed that the 
Fig.3. In(QQp/Here) versus greatest hysteresis loss should correspond to 
Heff: 1) specimen No.73 pri- transition of the spin from coupling with the lat- 
or to annealing, 2) specimen tice to coupling with the magnetic field. Experi- 
No.73 after annealing at 380° mental data on investigation of Barkhausen jumps 

incident to magnetization reversal in rotating 
fields in single crystals!1,21-24 ang in polycrystalline materials25,26 show that 
these jumps correspond to transverse flip of whole complexes of spins. It fol- 
lows from the work of Brion26 that at first there occur individual large jumps 
and then with increase of the field the number of such jumps increases but the 
jumps become smaller. Degtyarev & Dylgerov24 showed that rearrangement of the 
domain structure incident to magnetization reversal in rotating fields occurs by 
jumps. 

These effects can be explained by splitting of the total spin of a region of 
spontaneous magnetization into spin complexes, coupled in different ways with the 
crystal lattice (see below). Analysis of the experimental data for specimens Nos. 
73, 57 and 62 (curves 1,2,3 & 4 in Fig.1) leads to the following empirical rela- 
tionship 


Or = Ae—BH 7], (1) 


This is illustrated by the plot for specimen No.73 in Fig.3. Similar plots were 
obtained for specimens Nos.57 and 62. In Fig.4 we show the curves plotted on the 
basis of relationship (1) for these specimens together with the experimental points. 
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Fig.4. Rotational hysteresis loss curves plot- 
ted on the basis of relationship (1) and ex- 
perimental points: 1) specimen No.73 prior to 
annealing, 4 = 799G, 8 = 0.00714 G71, 2) 
specimen No.57 after annealing, 4 = 722 G, B = 
= 0.00907 G-1, 3) specimen No.62 after anneal- 
ing, 4 = 455 G, B = 0.00926 G-l, 4) specimen 
No.73 after annealing, 4 = 226 G, B = 0.00923 
G-1; 5) magnetization curve for cold rolled 
nickel. 


Fig.5. In(QR/Herf) versus 

Herff: 1) specimen No.17 

with cube texture, 2) spe- 

cimen No.74 with cube tex- 

ture, 3) nickel single crys- 
tal. 


In the same figure we give the 
magnetization curve for cold 
rolled nickel. It will be seen 
that relationship (1) satisfac- 
torily describes the field de- 
pendence of the hysteresis loss 
beginning with the "anisotropy 


point” on the magnetization curve, corresponding to the region of greatest loss. 
For specimens with cube texture and for a spherical single crystal nickel speci- 
men relationship (1) describes the field variation of the losses beginning with 


the weakest fields, as will be evident from Figs.5 and 2. 


The values of the co- 


efficients 4 and #8 are given in the caption under Fig.4. 


Statistical distribution of spin complexes as regards 
coupling with the crystal lattice 


Because of splitting of the total spin of a region of spontaneous magnetiza- 
tion into spin complexes the effect of rotational hysteresis at any given value of 
the magnetic field must correspond to the state of dynamic equilibrium between the 
group of spins entrained by the crystal lattice and the spin complexes breaking 
away from the lattice and "latching on’ to the magnetic field upon attainment of 


a certain limiting lag angle }. 
vector behind the effective magnetic field. 


This is the mean angle of lag of the split spin 
The number of spin complexes under- 


going this switch or transition within a given time interval determines the magni- 
tude of the irreversible jump and, consequently, the magnitude of the hysteresis 


loss. 
mann distribution law, we obtain 


Assuming that the number of such complexes is characterized by the Boltz- 
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I,cos v 
ee ee SS (2) 
N, = Nie NkT ; 


where .V is the number of complexes per unit volume (1 em?) brought to the meta- 


stable state by the rotating magnetic field, NV, is the number of complexes re- 


I 2 e Cy 3; 
ceiving an activation energy = cos pH for breaking the coupling with the lat 
tice in the given rotating field at the mean value of the lag angle 1, and His 


the effective field. 
The total torque acting on the JV, complexes is 


Il 
M = sin pHNy, (3) 


In the torque measurements it is balanced by torsion of the suspension fila- 
ment. The work performed by this torque in rotating the disk through an angle 
Q= 2x, i.e., the rotational hysteresis loss per cycle, equals 

On = VV doy (4) 
0 


whence 
I,cosp 


Op =2nl,sinpe NAT aca (5) 


Equation (5) corresponds to relationship (1). Thus, using the experimental 
data to evaluate the constants 4 and / one can determine the number JV and the 
mean lag angle . Thus, for example, for polycrystalline cold rolled nickel 


Ne 73 Ne 57 Ne 62 Ne 73 Annealed 


ap 14°44’ 13°15’ 8°20’ 4°10’ 
N 4.69:10 434-408 “4.33-10'9 ~1.55-10" 


For specimens with cube texture and a spherical nickel single crystal: 


Ne 17 Ne 74 Single crystal 
ap 42 4°40" 10° 
IN i240 3.6-10"7 3.9-10!" 


The experimental results (Figs.1 & 2) show that splitting of the domain spins 
into complexes, transition of them into the metastable state and their activation 
begin earliest and proceed most easily in single crystals and single crystal mo- 
saics with rotation of the magnetic field in the plane parallel to the cube face. 
In this case noticeable losses begin in very weak fields (“3 Oe) and are due to 
transverse flip of the spin complexes between the easy magnetization axes, i.e., 
the diagonals of the cube not lying in the plane of rotation of the magnetic 
field. In the case of nickel specimens with cold roll texture and in the pres- 
ence of internal stresses spin splitting and transverse spin flips are hindered 
despite the fact that there are eight directions of easy magnetization in the 
plane of rotation of the magnetic field. As a result, the rotational hysteresis 
loss in weak fields is nil, and the loss begins to grow only when the internal 
stresses are relieved by annealing. Rapid growth of the hysteresis loss begins 
in fields corresponding to the "anisotropy point’ on the magnetization curve. In 
this range of fields there begin the processes of domain splitting, transition 
of the spin complexes into the metastable state, and, accordingly, the hystere- 
sis loss begins to grow. 


aos eS AY) 
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The field dependence of the hysteresis loss for specimens with cold roll 


_ texture (Figs.3 & 4) can be described by the empirical relationship 


Or =aelH. (6) 


The parameters a and )} determined from the experimental data, have the fol- 
lowing values: 


Ne 73 N57 N62 M73 Anncaled 


a, Gs 0.273 0.065 6.090 9.400 
6, Gs+ 0.066 0.074 0.029 0.020 


Equation (6) can be expanded in a series in powers of H: 


OpSanesarre 


a 


Cel (7) 


In view of the fact that the parameter ) is small for weak fields, one need 
retain only the first three terms, which is in agreement with the results obtain- 
ed by Akulov & Elkina®-8 , who showed that in weak fields, for which Rayleigh's 
formulas are valid, in a magnetically uniaxial ferromagnetic crystal, in the ab- 
sence of "transverse inversion", the loss in a rotating magnetic field occurs due 
to longitudinal magnetization reversal and increases in proportion to #?. 
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ROTATIONAL HYSTERESIS OF MAGNETOSTRICTION IN FERROMAGNETS 
- L.V.Kirenskii & V.S.Afoshin 


Magnetostriction X% of ferromagnets is a multiple valued function of the mag- 
netic field H, the external elastic stress 6, the temperature T and the angle 9 
between the field vector and some arbitrarily chosen direction in the crystal: 


XW = f (H,5,T, g). 


The fact that X% is not a single valued function of the enumerated parameters is 
evinced by hysteresis of the magnetostriction. Different forms of hysteresis are 
observed, depending on the choice of fixed parameters. Thus if H,o and 7 are 
constant, the magnetostriction will be a multiple valued function of 9. In this 
case by analogy with rotational hysteresis of magnetization one can speak of rota- 
tional hysteresis of magnetostriction (hereinafter RHM). In the present work we 
investigated RHM in a polycrystalline nickel specimen reduced by rolling from a 
thickness of 3.3 mm to 1 mm. The specimen was in the form of a disk 18 mm in di- 
ameter and was annealed in vacuum at 1100°. The RHM was determined from the change 
in magnetostriction with rotation of the field from the chosen initial setting 
360° clockwise and counterclockwise, i.e., was taken as MA = ho - 41, where A is 
the magnetostriction recorded with rotation of the field clockwise and X\9 the mag- 
netostriction for counterclockwise rotation. We measured the RHM as a function 
of H for different values of the angle ) and as a function of ) at fixed values 
of the field H. 

Inasmuch as there has been only one earlier investigation of RHM ,1 we deem 
it desirable to start by defining the quantities by means of which one can charac- 
terize RHM; these quantities are the following: 

1) M, the difference between the initial and final values of magnetostric- 
tion over a complete cycle, and 

2) the average (over the area of the curves) value of RHM given by the rela- 
tion 

an 
(Ad)ay = 57] 42] de, 


0 


or its relative value (A\)ay/Ag, where XQ is the maximum value of the magnetostric- 
tion in the 9 = 0 direction, agreeing with the direction of rolling. 

The measurement results are presented in the accompanying figures. 

Fig.1 shows the field dependence of A\ for different angles @ between the di- 
rection of measurement and the direction of the field. It will be evident from 
Fig.1 that with increase of the field the absolute value of A\ increases to a 
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Fig.l. Field dependence of RHM at 


different angles ) between the di- Fig.2. Variation of RHM with 
rection of measurement and the di- in different fields: 1 - 200 Oe, 
rection of the field. 2 - 240 Oe, 3 - 280 Oe. 
(AA) ay 
A,:10° > Piss Fig.3. Field dependences 
az} of the mean rotational 


hysteresis of magneto- 
striction and longitudin- 
al magnetostriction in 

Of the direction of rolling. 


Fig.4. Field dependence 
120 240 360 Hy, Oe a 20 Sy of the relative RHM. 


H,0e 
Fig.3 Fig.4 


maximum at H= 160 Oe. With further increase of the field A falls off, dropping 
virtually to zero at H= 360 Oe. The maximum value of A at @ = 45° and H= 160 
Oe is 9-107", which amounts to less than 2.5% the saturation magnetostriction of 
nickel. For angles from 0 to 90° Ay < Ag, i.e-, MA is negative, while for angles 
from 90° to 180° AX is positive. For angles from 180° to 360° the alternation in 
sign repeats (even effect). 

Fig.2 shows the variation of RHM with angle in different magnetic fields. 
The figure shows the curves only for H= 200, 240 and 280 Oe; analogous curves 
were recorded at other field values. It will be evident from Fig.2 that M& is 
a periodic function of ) and that the period of this function is equal to the 
period of variation of the magnetostriction, i.e., 180°. The crest values of A 
depend on H. Thus, for example, at H= 200 Oe, Arcrest = 8°107"; at H = 280 Oe, 
Pmeat 2. 2210-". 

The variation of (A\)ay with His shown in Fig.3. The indicated values were 
obtained by averaging A\ for different angles ) at the given field value. With 
increase of the field (A\) gy increases from 0 to maximum value of 5°107-7 at H= 
= 160 Oe, and then falls off, going virtually to zero at H = 360 Oe. In Fig.3 we 
also give the field dependence of the longitudinal magnetostriction in the direc- 
tion of rolling @ = 0). 

Fig.4 shows the field variation of A\)av/\o- 

It is interesting to note that the shape of the A = f (H) and ()ay/N\o = 
= f (7) curves is in quantitative agreement with the shape of the corresponding 
curves for temperature magnetic hysteresis.2 
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Rotational hysteresis of magnetostriction as a result of 
ambiguity of the domain structure 


Hysteresis effects in ferromagnets are generally explained by irreversible 
changes of the domain structure. Comparing the character of the technical mag- 
netization curve with the field variation of MA, we note the following. In fields 
where the magnetization occurs owing to reversible wall displacements the value 
of A. or M)ay (like the hysteresis of any other quantity) is very small. With 
increase of the field, the relative importance of irreversible boundary displace- 
ments increases; accordingly, the RHM also increases (Figs.1 & 3) to a certain 
maximum value, which is in agreement with present day concepts regarding the mag- 
netization mechanism in ferromagnets. 

In strong fields the role of displacement processes is diminished, which 
leads to decrease of the RHM. Finally, in the field region where rotation pro- 
cesses predominate RHM vanishes. 

The observed regularities of rotational hysteresis of magnetostriction are 
consistent with modern theories of hysteresis effects. 
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CRYSTAL AND MAGNETOELASTIC ANISOTROPY AND ITS TEMPERATURE DEPENDENCE 
IN IRON-NICKEL SINGLE CRYSTALS 


- I.M, Puzei 


In earlier studies!»2 we found that the sign of the anisotropy constant in 
Seabed changes at high temperatures. This discovery stimulated the pre- 
gation aimed at more detailed determination of the temperature varia- 
tion of the anisotropy constant in iron-nickel Single crystals in the high tem- 
perature region and at elucidating the physical reasons for the change in Sign of 
the constant. 

The first part of the study was carried out using spherical single crystal 
Specimens grown from the melt by slow cooling. The experimental procedure has 
been described earlier and hence will not be detailed here. The specimens were 
cooled rapidly after high-temperature annealing. 

Fig.1 shows the variation of the anisotropy constant of nickel in the tem- 
perature range from 160 to 375° (curve 1). It will be seen that at 215° the con- 
stant changes sign and that it falls to zero at the Curie point. 

The analogous dependence for iron-nickel alloy with 87.8% Ni is shown in 
Fig.2. In this alloy the temperature at which the constant changes sign is al- 
ready 444°, There is good reason to assume that with decrease of the nickel con- 
tent down to 85-82% the anisotropy constant will change sign at ever higher tem- 
peratures. 

The temperature dependence of the anisotropy constant of invar (36% Ni) is 
shown in Fig.3. In this alloy the constant changes sign at 100°. 

Fig.4 shows the analogous curve for a single crystal specimen of alloy with 
50% Ni. It will be seen that this alloy becomes isotropic at a temperature of 
425°, The plot at the right gives a section of the same curve to a reduced scale. 
It may be assumed that with increase of the nickel content above 50% the tempera- 
ture of isotropy will rise. 

Thus, it may be said that in the region of the face-centered phase in the 
iron-nickel system there are actually two composition regions in which the aniso- 
tropy constant changes sign. The first region begins with pure nickel and ex- 
tends to alloys containing up to 85% Ni; for these the temperature of isotropy 
increases with decrease of the nickel content. The second region comprises com- 
positions with from 30 to 55-60% Ni. In the first region the constant changes 
from negative to positive; in the second region, from positive to negative. 

In an attempt to elucidate the reasons for the change in sign of the aniso- 
tropy constant in the two regions we hypothesized that the change in sign is de- 
termined by the magnetoelastic component of the anisotropy energy. In order to 
check this we undertook an investigation of 1) the elasticity coefficients of 
iron-nickel alloy single crystals and the dependence of these on temperature and 
field, and 2) the magnetostriction parameters of iron-nickel single crystals and 
their dependence on temperature and field. 

Specifically, we measured the parameters of single crystals having the fol- 
lowing compositions: 


Composition No.l 
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Fig.l. Temperature dependence of the 
anisotropy constant (1) and its mag- 
netoelastic component (2) in pure 
nickel. 
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Fig.2. Temperature dependence of the 
anisotropy constant of iron-nickel al- 
loy with 87.8% Ni. At right - section 


of the same curve plotted to a smaller 
scale, 


Specimens Nos.3 and 4 after high tempera- 
ture annealing were cooled rapidly from 
650°; specimens Nos.1 and 2 were cooled 
very slowly. Hence it could be assumed 
that alloy No.2 was ordered. 

The specimens used for measuring 
the elasticity coefficients were in the 
form of cylinders 3.5 mm in diameter and 
18 to 25 mm in length. For each compo- 
sition we took two specimens of differ- 
ent orientation: close to (100] and [110]. 
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Fig.3. Temperature dependence of 
the anisotropy constant (1) and 
its magnetoelastic component (2) 
in iron-nickel alloy with 36% Ni. 
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Fig.4. Temperature dependence of 
the anisotropy constant (1) and its 
magnetoelastic component (2) in 
single crystal of alloy with 50% Ni. 
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We used the composite vibrator method for determining the elasticity coefficients. 
The specimens were cemented with heat-resistant cement to X and Y cut piezoelec- 
tric quartz bars. The assembled vibrators were inserted into a solenoid (field 
up to 5000 Oe) and there were determined the main resonance frequencies for the 
longitudinal and torsional modes at different values of the field and temperature. 
The principal intrinsic frequency of the single crystal specimen was then calcu- 
lated by means of the formulas for a nonsymmetrical vibrator?» and then there 
were found the shear modulus and elasticity modulus. On the basis of these there 
were determined for the two crystals with different orientation the values of the 
elasticity coefficients C,, C, and C, free of the AE effect (measurements in satu- 
ration fields). 

The temperature dependences of the coefficients C, and C,; entering into the 
formula’ for the magnetoelastic energy change with the composition. In nickel 
these coefficients decrease with increase of temperature with a noticeable break 
in the curve at the Curie point. Our values for C, and C, are some 5% lower than 
the data of Alers et a1S, however, the elasticity constants for polycrystals cal- 
culated according to the method of Huber & Schmid’ on the basis of the data of 
Single crystals agree in both cases with good accuracy. The divergence between 
our values of (C, and C, and those of Alers et al may be explained by errors in 
determining the orientation of the specimens. 

Monotonic decrease of C, and C, with increasing temperature is also observed 
for the specimens with 76 and 50% Ni. In invar C, increases slightly with increas- 
ing temperature, C; decreases, while the coefficients C,, and C,, rise rapidly. 

The specimens for measuring the magnetostriction were single crystal disks 
10-11 mm in diameter and parallel to the (110) plane. Resistance strain gages 
were cemented to these disks by means of heat-resistant cement. The magnetostric- 
tion was calculated by the two-constant formula. In the region of high tempera- 
tures there obtains linear decrease of )joo and A,;; up to the Curie point in nickel 
and invar and in the 76% and 50% Ni alloys. 

On the basis of the measured values of the elasticity coefficients C,, C, and 
C3, the magnetostriction constants Aiyoo and A,,,and their temperature dependences 
there was calculated the magnetoelastic component of the anisotropy energy. Fig. 
5 shows the variation of this component with the composition at room temperature 
(points = experimental data). The fluctuation of the magnetoelastic energy in 
the concentration range from 70 to 90% Ni is due to change in the sign of the 
parameters at nickel concentrations of 80 and 83%, respectively. 


In general it may be said that in the region of compositions with a high 
nickel content the magnetoelastic energy is positive; in the invar region it is 
negative, whereas the total anisotropy energy is negative in the nickel region 
and positive in the invar region. 

The elasticity moduli vary relatively little with temperature, while the mag- 
netostriction varies linearly. Inasmuch as the magnetoelastic energy is propor- 
tional to the square of the magnetostriction constants, the magnetoelastic energy 
will vary with temperature according to the same law, i.e., much more slowly than 
the crystal component of the anisotropy energy. As a result, at high temperatures 
the common anisotropy constant changes sign, inasmuch as the signs of the crystal 
and magnetoelastic components of the anisotropy energy are different. 

It will be evident from Fig.1 that beginning with 250° the main contribution 
to the anisotropy in nickel is made by the magnetoelastic component (curve 20 
and that at about this temperature the crystal component vanishes. 

As was noted above, in the case of the alloy with 76% Ni the elasticity and 
magnetostriction constants were measured with the solid solution in the ordered 
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state; here the magnetoelastic component of the anisotropy energy is small com- 
pared with the total anisotropy energy. We did not carry out any measurements 
for the alloy in the disordered state. 

The temperature dependence of the magnetoelastic component of the anisotropy 
in the alloy with 50% Ni is shown by curve 2 in Fig.4. After the change in sign 
of the common anisotropy constant the predominant role is played by the magneto- 
elastic energy. 

An analogous situation is observed in invar (Fig.3). Here the magnetoelastic 
energy after the change in sign of the anisotropy constant at 100° decreases more 
rapidly than might be expected from the data on the temperature dependence of the 
common anisotropy constant and its crystal component. Possibly this is connected 
with inaccuracy in determining the elasticity coefficients of invar, owing to the 
appreciable experimental difficulties (instability of the solid solution, strong 
damping, etc.). There can be no doubt, however, that the sign of the magneto- 
elastic component is negative, and this explains the observed change in sign of 
the common anisotropy constant of invar at 100°. 

I desire to thank V.I.Goman'kov, V.N.Gorbachev and A.I.Rad'kov for assis- 
tance in carrying out the measurements of the elastic and magnetostriction con- 
stants. 
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EFFECT OF THE FIELD STRENGTH IN MAGNETIC ANNEALING ON THE MAGNETIC PROPERTIES 
OF COLD-ROLLED ELECTRICAL STEEL 
- D.D.Mishin, T.I.Bychkova & V.A.Smagin 


Introduction 


There have been numerous experimental and theoretical investigations!-11 of 
the influence of thermomagnetic treatment or magnetic annealing (hereinafter MA) 
on the magnetic properties of ferromagnetic materials. Nevertheless, some of the 
theoretical and practical aspects of the effect of MA are still obscure. An im- 
portant question, for example, is the influence of the field strength during MA 
on the magnetization curve and the hysteresis loops of magnetically soft materi- 
als. The purpose of this work was experimental investigation of the influence 
of the magnetic field strength during MA on the magnetization curve and the hys- 
teresis loop of cold-rolled grain-oriented Type E310 electrical steel. 


Experimental Procedure 


A shortcoming of most previous studies of the effect of MA was that experi- 
menters used specimens only in the forms of strips; it is difficult in employing 
such specimens to realize a uniform magnetic field both during heat treatment 
and measurement, particularly in the range of fields corresponding to maximum 
permeability. One can eliminate inhomogeneity of the magnetic field in the speci- 
mens during MA and at the same time achieve more accurate determination of the 
effect of MA by using "closed loop” specimens. In our work the "closed loop’, 
i.e., ring shaped, specimens 7 cm in diameter were prepared of 23 x 3 x 0.05 cm 
strips annealed beforehand for 5 hours in hydrogen at 1100°. The annealed strips 
were bent to form rings in a special device which had provision for heating them 
to 100-150°, which prevented development of cracks. To insure good contact and 
full closure of the magnetic circuit the ends of the specimens were joined by 
spot welding. 

In view of the pronounced crystallographic (110) [001] texture, specimens 
prepared of strips cut along, across and at an angle of 55° to the rolling direc- 
tion can serve for investigation of the magnetic properties in the tetragonal, 
digonal and trigonal directions of pseudosingle crystals of iron with 3% Si. For 
brevity, we shall hereinafter refer to these specimens as "tetragonal", "digonal" 
and "trigonal". 

The specimens were subjected to ordinary heat treatment and magnetic anneal- 
ing in a special set-up which insured uniform heating during the holding period 
and uniform cooling of the specimens in a neutral medium (argon). For relief of 
the strains produced in bending the strips the specimens were first heated for 30 
min at 900°, cooled at the rate of 70 degree/hour to 500° and then allowed to cool 
further with the furnace switched off. The MA conditions were the following: heat- 
ing to 900°, holding time 30 min, cooling to 700° over a period of 1 hour, holding 
for 1 hour, cooling at the rate of 70° degree/hr to 500° and final cooling with 
the furnace switched off. The 50 cps magnetic field was applied prior to the 
holding at 700° and switched off at 200°. The magnetic field strengths in the 
different magnetic anneals were 0.07, 0.5, 7.0 and 70 Oe. The specimens were de- 
magnetized by a 50 cps field of decreasing amplitude. The ballistic procedure 
was used for measuring the magnetization curves and hysteresis loops. 
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Measurement Results and Discussion 
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Fig.2. Magnetic hysteresis loops 
of digonal specimen: 1) before MA, 
ie bres 2) after MA in a 70 Oe field. 


Fig.1. Magnetic hysteresis loops of 

tetragonal specimen: 1) before MA, 

2) after MA in a 0.07 Oe field, 3) 
after MA in a 70 Oe field. 
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; a a9 f ho can. ve Fig.4. Increment in magnetic induc- 
Fig.3. Magnetic hysteresis loops of tion of tetragonal specimen after 
trigonal specimen: 1) before MA, 2) MA: 1) field during annealing 0.07 

after MA in a 70 Oe field. Oe, 2) 0.50 Oe, 3) 7 Oe, 4) 70 Oe. 


The results of measurements of the hysteresis loops of the tetragonal, di- 
gonal and trigonal specimens are shown in Figs.1l, 2 & 3, respectively, It will 
be evident from Fig.1 that after MA the hysteresis loops of tetragonal specimens 
become narrower with increase of the magnetic field acting during MA. The hys- 
teresis loops of the trigonal and, particularly, the digonal specimens change 
markedly after MA in a field of 70 Oe; weaker fields during annealing do not pro- 
duce any significant change in the hysteresis loops of these specimens. 

The changes in magnetic induction after MA in different fields for the tetra- 
gonal, digonal and trigonal specimens are shown in Figs.4, 5 and 6. It will be 
seen that the AB = f GD curves for all three types of specimens have a peak. The 
position of this peak with increase of the field applied during MA shifts some- 
what to the side of stronger fields. This peak is observed for the tetragonal 
specimen at a field strength of about 0.2 Oe, and for the digonal and trigonal 
Specimens at 0.5 Oe. The height of the peak, i.e., the maximum value of AB, is 
strongly dependent on the intensity of the field applied during MA. In fields 
stronger than 0.5-1 Oe there is observed sharp decrease of AB; in fact, in suf- 
ficiently strong fields AB becomes negative. This regularity was first discover- 
ed by Shur2 in working with polycrystalline silicon iron specimens and was ex- 


plained by Vonsovskii? on the basis of the theory of thermomagnetic treatment de- 
veloped by him. 
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The changes in maximum per- 
meability, coercive force and 
residual induction produced by 
MA at different field strengths 
in the three different types of 
Specimens are summarized in the 
accompanying table. It will be 
evident from the table and the 
figures that the magnetic para- 
meter most sensitive to MA is 
the maximum permeability where 
all three types of specimens 
are concerned. The residual 
induction of the trigonal and, 
particularly, the digonal speci- 
mens increases sharply after 
MA, while for the tetragonal 
Specimen the increase in residu- 
al induction is small. The co- 
ercive force of all three types 
of specimens is reduced signi- 
ficantly by MA, 


Conclusions 


1. The hysteresis loops of 
tetragonal specimens as a result 
of MA in fields of up to 7 Oe 
become narrower and more rec- 
tangular, the change being the 
greater the stronger the magnet- 
ic field applied during anneal- 
ing. No further significant 
change is evinced in the hys- 
teresis loops of these specimens 
with increase of the field dur- 
ing MA from 7 to 70 Oe. The 
hysteresis loops of the digonal 
and trigonal specimens after MA 
in a field of 70 Oe change great- 
ly and become significantly more 
rectangular. 

2. Increase of the magnetic 
induction AB occurs in weak and 
medium fields during MA. The 
AB = f(H) curves have a maximum 
in the field region correspond- 
ing to maximum permeability. 

The increment in residual induc- 
tion for tetragonal specimens 
increases with increase in the 
strength of the magnetic field 
applied during MA from 0.07 to 
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Fig.5. Increment in magnetic induction Fig.6. Increment in magnetic induction 
of digonal specimen after MA: 1) field of trigonal specimen after MA: 1) field 
during annealing 7 Oe, 2) 70 Oe. during annealing 0.5 Oe, 2) 7 and 70 Oe. 


7 Oe, while with further increase of the field during MA from 7 to 70 Oe little 
additional effect is evinced. In the 1-1.5 Oe field region there is observed a 
decrease of the magnetic induction after MA, i.e., AB becomes negative. 

3. The magnetic parameter most sensitive to MA is the maximum permeability, 
which for all three types of specimens increases significantly as a result of MA. 
The residual induction of digonal and trigonal specimens increases sharply after 
MA, whereas for tetragonal specimens the increase in residual induction is insig- 
nificant. The coercive force of all three types of specimens is noticeably re- 
duced by MA, 

4, Inasmuch as magnetic annealing of cold-rolled electrical steel results in 
an appreciable increase of the permeability in weak and medium fields, this type 
of heat treatment may be recommended for magnetic circuit components in which the 
effective permeability in weak and medium fields is a significant operating char- 
acteristic. 


References 


1. R.M.Bozorth, J.Appl.Phys., 8, 575 (1937). 

2. Ya.S.Shur, Doklady AN SSSR, 23, 455 (1939); Zhur.eksp.i teor.fiz., 10, 
441 (1940). 

3. S.V.Vonsovskii, Zhur.eksp.i teor.fiz., 9, 702 (1939). 

4. M.Gertz, J.Appl.Phys., 22, No.7, 984 (1951). 

5. R.M.Bozorth, Ferromagnetism, N.Y., 1951. 

6. L.Néel, J.phys.et radium, 15, No.4, 225 (1954). 

7. D.D.Mishin & M.M.Belenkova, Fiz.metallov i metallovedenie, 2, No.2, 370 
(E956 \7. 

8. Tez.doklad.Soveshch.po fizike magnitnykh yavlenii (Program of conference 
on the physics of magnetic phenomena), M., 1956. 

9. A.A.Glazer & Ya.S.Shur, Izv.AN SSSR, Ser.fiz., 22, 1205 (1958) (Trans. 
Bulletin, 22, 1198); Fiz.metallov i metallovedenie, 3, 568 (1956); 5, 355 (1957); 
6, 52 (1958). (Trans.Physics of Metals & Metallography.) 

10. H.Fiedler & R.Pry, J.Appl.Phys., Suppl., 30, 109 (1959). 
11. R.Heidenreich, E.Nesbitt & Berbank, J.Appl.Phys., 30, No.7, 955 (1959). 


PONS ee} 


- 1519 - 


MAGNETIC TEXTURE OF FERROMAGNETS SUBJECTED TO EXTERNAL STRESSES 
- F.N.Dunaev 


Under the influence of deforming stresses within the elastic limit there 
forms in ferromagnets magnetic texture, i.e., preferential orientation of the 
Spontaneous magnetization vectors I, in certain directions. It is known!-3 that 
the character of this magnetic texture is determined by the relative signs of 
the external stress co and the saturation magnetostriction },. If the signs of 
6 and A; are the same (elongation of ferromagnetic material with A,>0 or compres- 
Sion of material with A,<0), the spontaneous magnetization vectors I, are orien- 
ted in directions close to the direction of the stress. 


It is also known that the degree of this texture is determined by the rela- 
tion between the crystallographic anisotropy energy 


Px = K (9202 4+ a2o2 4 213.02) (1) 
and the magnetoelastic energy 
3 92,9 AO) 9n,9 
k= — 5S [A100 (272 =i Oats ate a2?) + 2hai1 (C111 Ve + Meh %e%s + 1%3717s)], (2) 


where K is the magnetic anisotropy constant, i,)) and 4,,, are the magnetostriction 
constants, the «a; are the direction cosines of I, , and the 7; are the direction 


cosines of o. The most pronounced texture will form when 

F,S> Fx (3) 
or 

No S> K. (4) 


Hence to obtain the most pronounced magnetic texture under stress (uniaxial 
magnetic texture in the limit) it is essential that the material have a small 
magnetic anisotropy or a high elastic limit. 

Analysis of the behavior of the magnetoelastic energy and certain experimen- 
tal facts give reason to infer that the above concepts regarding the character of 
magnetic texture and the factors determining the degree of this texture are in 
need of modification. 

In the absence of a magnetic field and in the range of small internal stres- 
ses 6; the orientation of the vector I, in a crystal is determined by the minimum 
of Fx +F;. However, simple search for the minimum of /,-+/, does not allow of 
clarifying the role of the individual terms entering into /’,. 

As we see, the expression for Ff, consists of two polynomial terms, one of 
which contains }40., and the other Ayu. 

Let us write Ff, and Ff, in the form 


Fr ed Ke A, (5) 
and 
TT gh VG + Esha = Ny99°6* BE hi115-C. (6) 


At sufficiently high stresses, when the anisotropy introduced by each of the 
terms in /,is greater than the anisotropy Fx, the position of the minimum will 
be determined mainly by these two terms. In order to evaluate the role played 
by each term individually, let us find their separate minima. 

The role of these terms can be elucidated by calculating and comparing the 
functions A, B and C for different orientations of so. This is equivalent to com- 
parison of the values of Fx, Fo,,, and Fo,, under the condition 
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K = |6Ayo0| =] 6Aqy,] and | Agoo | =] Anat |- 2 


First, from the form of function 4 it will be evident that the cE. Fon, 16 
symmetrical relative to the tetragonal axes of the crystal, just as is fx. Conse- 
quently, at any values of the stress this term cannot produce a change in the po- 
sition in the minimum of /[’x,i.e., deflection of the easy magnetization axes from 
the tetragonal axes of the crystal. (In the present analysis we consider only 
ferromagnets with K>0.) This term can only deepen some of the minima of fx and, 

consequently, produce displacement of the 90° walls. 

foo} [10] [100] The position of the minimum can be changed only by 
' the term /,,, containing 4Aj11. 

The behavior of the functions A, 6 and C for 
three orientations of 6 in the (010) plane is shown 
in Fig.1. It will be seen that for any orientation 
180 of o the minimum of B is located in the tetragonal 
i direction closest to the direction of 6, while the 
minimum of C is located in the diagonal direction 
closest to the direction of co. An analogous picture 
is obtained for any orientation of so in the crystal. 
The values of /,,, and F.,, differ from Band C by 
the corresponding coefficients Ajoo:6 and A,1,-6. 


be We ty 


| 


3 If Aquos Oland  AyyooOPicespoifethe signs. offi, 
a! and o and of 411 and o are the same, the positions 
Ld of the minima of /F,, and F,, agree with the posi- 
Fig.1. Dependence of the tions of the minima of B and C, respectively. If 
functions 4,B and ¢C and the signs are opposite, /F,,,, and F,,,,, will be flip- 
their amplitudes AB and ped over relative to the horizontal axis and their 
AC on the orientation of minima will be located in the tetragonal and dia- 
co in the (010) plane: 1 - gonal directions furthest from the direction of o. 
o||[(001], 2 —- o oriented at In addition, we note that the amplitudes AP and AC 
an angle of 22° relative (by the amplitudes we mean the difference between 
to the [001] axis, 3 - the maximum and minimum values of 8 and C, respec- 
o||[101] tively) depend on the orientation of co. These de- 


pendences are also shown in Fig.l. 

Inasmuch as "rotation" of the minima is produced only by the term /,,,, con- 
taining 4,,,, only A, (but not A, or A.) can appear in Eq. (4) in the case of 
either a single crystal or a polycrystalline specimen. 

The most important circumstance is that /’,,, not only does not produce rota- 
tion of the minimum but, in fact, hinders such rotation inasmuch as it deepens 
the minimum of Fx. The quantities /, and F,,,, in effect "operate" in unison 
against /’,,. Hence the condition for establishment of the most pronounced mag- 
netic texture cannot be (3) or more accurately the condition 


AF, > AF x (8) 


where Fy,, and /’,,, appear on the same side of the inequality.* 

Fig.2 shows the influence of the functions B and ( on the position of the 
minimum of 4 in the case when the stress o is oriented in the (010) plane at an 
angle B = 22° relative to the [001] axis. The minimum of A, located in the [001] 
direction, is not displaced but is only deepened under the influence of B (see 


*See footnote on next page. 
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the 14-++ Bcurve). Under the influence of C this 
minimum is shifted in the [101] direction (4+ C 
curve) , but under the simultaneous influence of 
B and C, owing to the fact that # hinders dis- 
placements of the position of the minimum, the 
minimum is displaced only by ~20° (4+ B+ C 
curve). 

Even under our condition (7) the magnetic 
anisotropy energy /; has little effect on the posi- 
tion of the minimum, which is apparent from com- 
parison of the positions of the minima of the 
A+65-+C and B+C curves. At sufficiently large 
values of o, when |),\):0|/> K and (|A,,,:0|>K, the 
role played by /’x is even smaller and the position 
of the minimum is determined by the "competition" 
between the two terms entering into /,, of which 
Fig.2. Influence of the func- one (/,,,,) tends to hold the minimum in the tetra- 
tions B and C on the position gonal direction, while the other (/'4,,) tends to : 

of the minimum of A. shift it to the diagonal direction. Other condi- 
tions being equal, the extent of rotation of the 


Aa 


minimum will be greater in ferromagnets in which the ratio 7 
100 


| is larger. 

It follows, therefore, that the relationship determining the degree or inten- 
sity of the texture forming as a result of rotation of the directions of easy mag- 
netization under the influence of an external stress should be the inequality 


NE > Ala Ala, (9) 
or, what is the same thing, 


| AC-Ai-9| > AA-K + | AB-Ayoo-5 |, Cy 


where, it will be noted, A/’,,,, and AF, appear on different sides of the inequali- 
ty sign. At sufficiently large o, the term AA-K may be neglected. 
Analogously, relation (4) should be replaced by 


Poe ci KEE Anis, (1) 


where D and £ in the case of a single crystal are functions of the orientation of 
s (inasmuch as AC and AB change with changes in the orientation of 6 in the crys- 
tal) and in the case of a polycrystalline specimen are numerical coefficients.** 

* (Footnote from previous page) 

Inequality (3), which is used by some investigators, must be employed with 
caution, inasmuch as fF, and /, are actually different functions of the orienta- 
tion of the spontaneous magnetization and for a given material and given values 
and direction of the stress *, and /, may take on different values depending on 
the direction of I,. In order to determine whether the magnetic anisotropy or 
the magnetoelastic anisotropy predominates one must compare the amplitudes of 
these functions, i.e., 4’, and AF, (the differences between the maximum and mini- 


mum values of F, and /,). 
**The form of the functions and the numerical values of D and £ for an ideal 


polycrystal will be given in a future paper. 
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. Fig.3. Magnetization curves of silicon iron at different nemigges eee 1) o= 
= 40 a2) On 7 eS) ele 4) 2 5S PG); 7) 27 kg/mm-. 
Fig.4. Magnetostriction curves for silicon iron at different tensile 
stresses (curve numbers and stresses same as in Fig.3). 


It will be evident from expressions (9), (10) and (11) that for obtaining a 
completely uniaxial magnetic structure it is not sufficient to fulfill condition 


Anu 


A100 
even with K = 0, uniaxial magnetic structure will not be estab- 


(8); one must also insure that the ratio is sufficiently large.* For example, 


A411 


100 

lished at any stress, inasmuch as the main hindrance as regards rotation of the 
minimum will be AF ,,,, rather than AF x. 

In general, magnetic texture under the influence of stresses is established 
both due to displacement of the 90° walls and due to rotation of the spontaneous 
magnetization vectors. So far we have considered only the relationships deter- 
mining the degree of texture due solely to the process of rotation. By way of 
relationship determining the degree of texture due to wall displacements one can 
use the following (but only to a rough approximation): 


for small 


|| > |i. (12) 


The character of the structure due to rotation processes, as was evident in con- 
sidering 4,6 and C, is determined by the relation between the Signs of o and ji 
while the character of the texture due to wall displacements is determined by 
the relationship of the signs of 6 and Ay) regardless of whether we are dealing 
with a single crystal or a polycrystalline specimen (we suggest that it is in- 
correct to determine the character of the texture for polycrystalline specimens 
on the basis of the relation of the signs of 6 and Ae). 

In order to help distinguish more clearly between the magnetic textures due, 
on the one hand, to wall displacement processes and, on the other hand, to rota- 
tion processes, it would appear desirable to introduce an appropriate terminology. 


111) 


*Except for some special cases of orientation of s in the crystal, when AB = 
= 0 and relationship (9) becomes equivalent to (8), as for example, in the case of 
orientation of s along the diagonal axis of the crystal. 
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Bimey erg ye satin the texture forming as a result of wall displacement 
exture and the other "rotation texture". 
ee ee ene such a terminology is evident from the fact that, 
; ahape ee al wi pronounced anisotropy of magnetostriction (A,., and 
ae Bee vecoreicus fey under the influence of a stress having the same sign 
pres ected ise ure will be Opposite in character to the rotation texture. 

A ow the magnetization and magnetostriction curves for a poly- 
crystalline silicon iron specimen (3.5% Si) at different tensile stresses. The 
saturation magnetostriction of this alloy is positive. Hence in the case of 
elongation one should expect a formation of a magnetic texture with orientation 
of the magnetization vectors along the line of elongation and, consequently, only 
raising of the magnetization curves and reduction of the magnetostriction with 
increase of o. Actually, however, the observed deformation of the /(H) and MH) 
curves is more complicated: the /(/) curves up to a certain stress rise, and then 
descend and become increasingly rectilinear. The magnetostriction decreases, 
changes sign, and grows in absolute magnitude. Beginning at a certain stress, 
however, the magnetostriction in weak fields decreases in absolute magnitude, 
although A; continues to grow slowly. Such deformation of the I(H) and A(H) curves 
in the range of sufficiently high stresses is reminiscent of the deformation of 
the /(H) and }(H) curves for nickel under elongation where, as is known, there 
forms a magnetic structure with orientation of the vectors I, in the plane perpen- 
dicular to oa. 

Apparently, in this alloy at first - in the range of small o, giving rise 
mainly to wall displacements - there forms a magnetic texture in which the [, in 
the crystallites are oriented along the direction of easy magnetization closest to 
the line of elongation, inasmuch as o and Aj,.) have the same sign (positive). Ow- 
ing to the fact, however, that A,,, <0 (Ref.4), these directions of easy magnetiza- 
tion themselves under the influence of the tensile stress (o > 0) deviate from the 
tetragonal axes of the crystallites to the side of the plane perpendicular to the 
line of elongation, i.e., there begins to form a magnetic texture opposite in 
character to the initial one. At sufficiently high stresses this deflection of 
the magnetization vectors gives rise to the observed deformation of the magnetiza- 
tion and magnetostriction curves. 

In view of the fact that the increase of o |A.|in the range of high stresses 
is small (curves 6 & 7 in Fig.3), it follows that the deviation of the directions 
of easy magnetization towards the plane perpendicular to o must be small. This 
is in agreement with the inference that for obtaining a pronounced “rotation tex- 


ture" one must have a large value of the ratio a Actually, for the given 
silicon-iron alloy this ratio is small: P| = 01 (Ref.4). 
"A .M.Gor'kii" Ural State University 
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INVESTIGATION OF THE EFFECT OF CREEP OF NONSYMMETRICAL HYSTERESIS LOOPS 


The effect known as creep of nonsymmetrical hysteresis loops of polycrystal- 
line ferromagnets may be described as follows: when the magnetization / is re- 
peatedly reversed over a nonsymmetrical cycle by varying the external field from 
H, to Hp, where Hp = — H4, the hysteresis loops remain open and shift continu- 
ously along the J axis. Néel was the first to carry out a theoretical analysis 
of the creep effect.1,2 

Investigation of the creep effect is of interest not only to physicists work- 
ing in the field of magnetism but also to engineers engaged in developing various 
magnetic components and, in particular, matrix memories employing ferrite cores 
with square hysteresis loops, the J(H) curves of which are nonlinear.? In this 
case the linear approximations adopted in the work of Néel are hardly warranted 
inasmuch as the curvature of the J(H) characteristics can substantially affect 
the variation in magnetization during the creep process. It is expedient, there- 
fore, to take into account atleast the first derivative of the susceptibility 
and instead of Eq.(2) in Néel's paper! to write the Taylor series 


s” 
us = dea = Sadie Te —~ (Salts), @) 


where /, is the magnetization for the n-th application of the field H,4, J, is the 
magnetization corresponding to the first application of the field H,, S, is the 
irreversible susceptibility at the point (H,4,/J,4) on the given minor cycle, h, is 
the rms value of the creep field, and “, is the normalized value of the average 
maximum value of the creep field for n applications of the field H,. 

For an external field 4 approximately equal to the coercive force H,, when 
S,=0, Néel's formula is obtained from Eq.(1). In general, however, the z, de- 
pendence of J, is not linear: for H,>H, the magnetization increases more slowly 
and for H, < H, more rapidly than linearly. 

According to Eq.(1) in Ref.1, the value of x, is given by the integral 


co 


ad ' ape a 
| Ly = \ “— dz, (2) 
where P — \ p(x)dx is the probability that the creep field strength in a given 


—o6o 
test is less than ih,. 
On the basis of Gauss' law for p(x), N&éel calculated the values of 12, for n 
up to 106 and obtained an analytic expression for determining 7%, for n>10. Ac- 
cording to Néel, %, increases infinitely in the limit as n-—>oo. If, however, we 
assume that the values of the creep field are contained in the finite interval 
[—2,,h,, ,h,|, then from (2) we readily obtain 


xm 


eh ee \ P'dz, (3) 
Tm: 

whence it follows that in the limit asn->o, <<, has a limit equal to the chance 
maximum value z,,. It can easily be seen that Néel's result is connected with the 
assumption of a Gaussian distribution which permits the appearance of arbitrarily 
high creep field values, albeit with low probability. 

If the probability density p(#) for a given x in the interval [—2m,%m]} is 
constant and equal to 1/27,,, we obtain | 


ni° (4) 
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This analytic expression is analogous to the empirical formula deduced by 


4 are 
Bouty* for the variation of the residual magnetization incident to magnetization 
of steel needles. 


Actually, evaluation of tm Can be based on the consideration that the mag- 


Pact: J, is in practice always smaller than the saturation magnetization 
aye ees 


J.— Jy 
ee Shp * (5) 


In view of this, good agreement with experiment for H,>H,, as well as for 
large n,can be obtained by means of the function 


S 
Iu= Ia + (Js —J 4) (1 — exp (—5— =a h,)}, eo 
A 


s 


whence there is obtained in the linear approximation Néel's formula; from this 
it follows that this approximation is permissible for Ue ea 

It follows that the position of the nonsymmetrical hysteresis loops should 
become stabilized in the process of creep. This stabilization will set in soon- 
er for values of //,exceeding H, and also for large values of S,. Thus, linear 
dependence of the magnetization on z,nis the exception rather than the rule and 
can be observed up to large values of nm only in materials with a nonrectangular 
hysteresis loop and in fields close to H.. In materials with a rectangular loop 
linear dependences of /, on wz, are difficult to observe, inasmuch as the slight- 
est instability of the magnetizing current and of the ambient temperature leads 
to change in the character of the %, dependence of J, 

Obviously, creep can affect the operation of components of magnetic automa- 
tion equipment. In this connection it is essential to distinguish between the 
influence of the creep effect and the superficially similar influence of magnetic 
viscosity, when the current pulses in the winding have a duration inadequate for 
complete reversal of the core.” In high speed elements the influences of magnet- 
ic viscosity and creep obtain simultaneously up to a 
certain pulse duration, but creep is evinced no matter 
how long the duration of the current pulses. 

The strongest influence of the creep effect may 
be observed in the cores of matrix memories (MM). In 
particular, Yu.N.Glukhov and the writer? in 1956 estab- 
lished experimentally that creep has a strong effect 
on the "0"' readout signal from a plane matrix. Below 
we shall consider this question in greater detail. 

In reading and regeneration of a "1" an MM core 
in the simplest case is subjected to symmetrical exci- 
tation by current pulses J, and Jz =—J,. The corre- 
sponding hysteresis cycle is shown by the dashed line 
in Fig.1. In reading and regeneration of a "0" the 
core is subjected to a nonsymmetrical excitation by 
current pulses J, and Jz, where, as a rule, Jp =—I4/2 
(solid curve in Fig.1). Thus, if after an appreciable 
number of repeated "1" readings and regenerations the 
core is transferred to reading "0", owing to creep dur- 
ing the "1" readings, the "0" signal in the winding of 
it the core will change from one cycle to another. ® 
Fig.1. Working hysteresis The "0" reading signal U,(0), in a one-turn winding 

cycles of an MM core. in a cycle of arbitrary number 7 is related to the change 
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Fig.2. Creep in K-28 core for n= 10%; 1 - J, = 300 mA, 2 - 360 mA, 3 - 500 mA. 
Fig.3. Creep curves for K-28 (1) and K-65 (2-6) cores: 1 - /4 = 360 mA, and 
Ip = 260 mA, 2 - 160 and 10 mA, 3 - 240 and 120 mA, 4 - 240 and 150 mA, 5 - 

160 and 90 mA, 6 - 240 and 155 mA. 


in magnetic flux in the core by the simple expression 

aal 

Dan—Om =) Ue (0)ndt, (7) 

0 
where @,, is the absolute magnitude of the maximum magnetic flux in the core, at- 
tained at the end of the n-th /, current pulse, @), is the absolute magnitude of 
the residual flux before the beginning effect of the n-th /, current pulse, and 
t, is the duration of the reading pulses in the MM magnetizing conductors. 

In investigating the creep effect, it is essential to minimize the influence 
of magnetic viscosity, hence the duration of the current pulses should be made 
greater than the duretion of the reading signal. The relative change in the area 
under the ''0" reading signal in the process of creep may be written in the form 


bp = bin + Ba2, (8) 


where a and 3 are coefficients analogous in meaning to S,h, and S,h?/2 in Eq.(1). 

Photographs of the oscillograms of pulses recorded in the process of creep 
Showed that their shape does not change and that the relative changes in the am- 
plitudes of the signals (6,4) and fluxes (és) are equal. Therefore the regulari- 
ties in the change in amplitude of the "0" signals during the creep process must 
agree with the regularities governing the creep of magnetization. 

The greatest creep should be observed in fields close to the coercive force. 
Inasmuch as precise determination of the coercive force in miniature cores is dif- 
ficult, we can make use of the fact that the maximum switching time over a sym- 
metrical cycle obtains in fields of the same strength (p.21, Ref.3). Fig.2 shows 
the variation of 6, with I, at different J, for a toroidal core of K-28 ferrite 
(dg = 1.4 mn, dj = 1 mm, h = 0.5 mm) for n= 10%. The greatest creep occurs at 


I, = 360 mA (in the one-turn winding) , when the longest switching time is evinced 
for the given core. 


aye SN 
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The curves of 6,4 vs yn, according to the outlined theory, may differ appreci- 
ably in character. The experimental curves are shown in Fig.3; it will be seen 
that in the investigated range of xz, a linear dependence is obtained in one par- 
ticular case (curve 4). The K-65 ferrite core had the following dimensions: 
do = 2.1 mm, dy = 1.2 m, and h = 1 mn. 

Knowledge of the regularities involved in the creep effect from the stand- 
point of its influence on the operation of magnetic memory and similar components 
is important inasmuch as conventional oscillographic observation of signals and 
noise under steady conditions cannot give complete information on the behavior of 
the magnetic component in a process of actual operation, when the cores are sub- 
jected to the action of different and varying sequences of current pulses. 


I desire to express my deep gratitude to K.M.Polivanov for his guidance in 
the work. 
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STABILITY OF THE MAGNETIZATION OF FERROMAGNETS AS A FUNCTION OF THE 


MAGNETIZING PROCESS 


One of the ways of obtaining stable (with respect to external mechanical 
factors such as shock or vibration) magnetization of ferromagnets is appropriate 
choice of the magnetizing procedure. 

Considering ideal magnetization of a ferromagnetic single crystal by a con- 
stant field H, and a decaying alternating field with initial amplitude /, direct- 
ed along an axis of easy magnetization, Kondorskiil showed the following: 

a) If is sufficiently large, namely, 


lige He +H, “= vis, (1) 


the result of the magnetizing process will be a magnetization 


(ge 7 (2) 
Vv 


where H,,., is the maximum coercive force of the domains (regions of spontaneous 
magnetization), /, is the saturation magnetization, and v is the internal demag- 
netizing factor. 

The initial value of the resultant internal field in the 4) direction will 


be 
init = hy -l- H, —vI;, 


or, taking (1) into account 
Ai nit a oes Si 2H). (3) 


b) Growth of /, during the magnetizing process continues until the result- 
ant internal field in the //, direction becomes equal in absolute magnitude to 
the opposed field and no further wall displacements occur under the influence of 
the positive half-waves of the alternating field. 

c) The well known effect of substantial changes in the magnetization under 
the influence of external shock or vibration stresses is due to periodic changes 
(decreases) of the coercive force of the domains as these stresses are communi- 
cated to the ferromagnet. Obviously, the change in magnetization occurs, in the 
first place, owing to displacement of the boundaries of the domains with the low- 
est values of coercive force. 

Let us consider the magnetization of a ferromagnetic single crystal in the 
same constant field //) but in the case of reduced initial amplitude of the alter- 
nating field*, i.e., a field of amplitude 


hi < He nay + H, —vI,. (4) 


We shall show that the resulting magnetization J), in this case will always be 
smaller than I). 

The number of domains determining the value of the magnetization is propor- 
tional to the difference between the initial and final fields causing preferen- 
tial wall displacements in the /7, direction, i.e., to the range AH, of the co- 

*Hereinafter for brevity we shall refer to magnetization by a field with 
initial amplitude h, simply as "intermediate magnetization". 


eS Ey 
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ercive forces of the domains responsible for the magnetization. In the case of 


' ideal magnetization the initial field is 


H+ =h,+H,—vls, (5) 


and the final field is 


Ay, = h, — Ny Ahy + H, — vIs, oy 


inasmuch as it is obvious that decrease of the saturation magnetization J, in the 
ff, direction begins only on termination of the process of formation of /,. Here 
n, is the number of periods of the alternating field applied in the process of 
magnetization, and Ah, is the difference between successive amplitudes of the 


alternating field. Assuming that the field is reduced slowly, i.e., that Ah, < 
<< 2H,, we can set Ah) = const. 


The difference between fields (5) and (6) is 
Tae Fees (ye (7) 


In the case of intermediate magnetization the initial field equals 


Hinjt: = hy + H,— vi, (8) 
and the final field 


Ag, = hy — ngAhy + Hy — vii, (9) 


where /, is the magnetization induced by J/,,,, - 
The difference between fields (8) and (9) is 


Aff. = nyAhy. (10) 


The difference between the absolute final values of the positive and nega- 
tive resultant internal fields is zero. In the case of ideal magnetization the 
expressions for these fields are 


Hen y= hy —n Ah, + H, —vI,, 


(11) 
| Hein (2 | = hy) —n Ak, — H, —v (I, —1, 215), 


where 2; is the change in magnetization owing to decrease of the field by Ah,. 
Assuming the difference between expressions (11) to be zero, we obtain 


ne (12) 


In the case of intermediate magnetization 


Hein ty = Px + Hy — Aly — Vii, (13) 
| ages ) | = hy, a ig 2vI x) is ny Ahy, ra (1, = ny: 2Lr), 


where 2/; is the change in magnetization owing to decrease of the field by Anh, 
and 2/, is the change in magnetization during the first period of the alternating 
field; this does not depend on nz, and occurs due to the difference 2//, between 
the first negative value of the field and its first positive value. Assuming the 


- 1530 - 


difference between expressions (13) to equal zero, we can write 


. HVE (14) 
ry St ear a 
vii, 
Inserting (12) and (14) into (7) and (10), we obtain 
AH = Hy => 
Vv 
: (15) 
» Ah, 
AH, = (H, — vik) pe 
vl}. 
Ngee Nh 
Invoking the fact that Ee we have 
vi. 0 
A ex < AT co, (16) 


i.e., in the case of intermediate magnetization the range of the coercive forces 
of the domains responsible for the magnetization and, consequently, the number 
of these domains as well are less than in the case of ideal magnetization; hence 
so is the resultant magnetization. I, can equal zero only when the first nega- 
tive value of the field differs from the first positive value by the amount Ah. 
Obviously, this is possible if the first positive value of the field exceeds 
Homa, by 2H,, which, according to (3), is the condition for ideal magnetization. 


This inference is also valid in the case when the initial amplitude of the result- 
ant internal field Hj, >> Ae pa, » provided Hinit< Hema, + 2H,. 


For Hinit< Hem, With decrease of /; there will obviously arrive an instant 
after which J; will have a lower bound, i.e., the magnetizing process will take 
in domains with H,,;, before equality of the positive and negative amplitudes of 
the resultant internal field is attained. Inasmuch as the upper bound of //, of 
the domains participating in the formation of I, Will be reduced owing to decrease 
of /;, the final result will be decrease of /;. 

On the basis of the foregoing we can now examine the stability of magnetiza- 
tion in a positive field H, after different methods of magnetizing. A finite mag- 
netization that is stable in the field H, can obviously be produced by ideal mag- 
netization in a field of this strength. In this case the internal field of the 
ferromagnet will be equal to zero, and shock stresses will not alter the magnet-— 
ization (see diagram a). 

Zero magnetization can be produced in two ways: 

1. Ideal magnetization in an external field H, as a result of which domains 
with different //, will have their boundaries uniformly shifted in the directions 
+H, (see diagram b). In this case the internal field H, will equal H,. The walls 
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of the domains with minimal H,, initially shifted in the —H, direction, will be 
' displaced in the siaibs direction under the influence of pereeral stresses (shock 
or vibration). 
2. Ideal magnetization ina negative external field and subsequent intermedi- 


ate magnetization in a field H,, so that the resultant magnetization will equal 
zero; 


vi =vI,—vl; = 0. (17) 


In the case of ideal magnetization, owing to displacement of the walls of 
domains with high coercive force (diagram c) there will appear a magnetization 
Ion. AS was shown above, J; cannot equal J);,, and fulfillment of condition (17) 
requires us to choose a value of i, such as will insure decrease of Ioyy to J,=Ji, 
i.e., a value that will provide for participation in the intermediate magnetiza- 
tion process of part of the domains responsible for J )q (the part of the domains 

. with the lowest value of coercive force). The stability of the magnetization can 
be enhanced by increasing /), and J, through increase of the external field in 
ideal magnetization. Indeed, the permanent internal field produced by intermedi- 
ate magnetization is determined by the sum //,-+v/,, which makes it possible to 
increase J;, by increasing /,)y. Thus there can be obtained the more stable state 
represented by diagram d. A similar state can also be obtained without increasing 
the external ideal-magnetization field, if the intermediate magnetization is car- 
ried out in a field mx H,. At a sufficiently high value of the factor m there 
can be obtained the state represented by diagram e. This state will be stable 
with respect to external mechanical factors whose influence is equivalent to the 
influence of internal magnetic fields not exceeding //,. 
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MAGNETIZATION AND MAGNETOSTRICTION JUMPS IN NICKEL 
- A.Ya.Vlasov & Yu.D.Tropin 


Magnetostriction jumps were first observed experimentally by Heaps! »2, In 
the present work, for detailed study of magnetization and magnetostriction jumps3, 
there was assembled the set-up diagramed in Fig.l. The specimen 1 is held between 
the micrometric screw 2 and the piezoelectric crystal 3 (a bimorph cell of X-45° 
cut Rochelle salt); the entire assembly in the supporting frame 4 is mounted in- 
side the solenoid 5. The solenoid itself is placed in a soundproof container. 

For recording magnetization jumps, we used the conventional search coil procedure 
(see Ref.4). The signals from the piezocrystal 3 and the search coil 6 are fed 

to the inputs of channels I and II, respectively. After appropriate amplification 
for visual observation and photography, the signals are transmitted to oscillo- 
graphs (EO-7 and I0-4), and then to the shaping network SN which converts them to 
standard-shape pulses, and to photorecorders (FR-5). The pulse height discrimin- 
ators PHD and scaling circuits SC (PS-10 000 scalers) are provided for determining 
the statistical distribution-in magnitude of both types of jumps. 


SS SRS G&G NS 


Fig.1. Set-up for simultaneous observation of magnetostriction and mag- 

netization jumps: 1) specimen, 2) micrometric screw, 3) piezocrystal 

(bimorph cell), 4) supporting frame, 5) solenoid, 6) search coil. E0O-7 

& I0-4 - oscilloscopes, SN -shaping network, FR-5 - photorecorders, SC - 
scaler, PHD - pulse height discriminator. 


The set-up is graduated for magnetization jumps® in A = (=) 
max 

calibration for magnetostriction jumps is based on the following considerations. 
Incident to abrupt reversal of an elementary volume of the specimen, there occurs 
deformation of this volume and, consequently, an elastic stress pulse propagates 
along the specimen. The relative elongation of the specimen is given by® 

t 

Al yi 

0 

The stress pulse o(/) on reaching the piezocrystal, will bring it out of equili- 


brium and cause it to vibrate at its natural fr 
equency. T i 
are described by q y hese damped vibrations 


units. The 


dx Oman 
aa + cha, + hea = f(t), (2) 


ere the second term characterizes the resistance of the medium and the internal 
riction, the third term - the elastic force tending to return the system to equi- 
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librium, and /(t) is a free term characterizing the external perturbing force. 


Solving this equation for the condition t™<T, where t is the effective time 
of the pulse and 7 is the vibration period of the system, we find the magnitude 
of the first maximum deflection of the crystal: 


ip 
aE ea 
t= = \3() Sat, (3) 


From Eqs.(3) and (1), we obtain 
AA = SP. (4) 


The vibration frequency p of the crystal and the volume V of the specimen are 
determined experimentally; Young's modulus / is taken from appropriate tables. 
Having established the deviation dependence of the signal & from the piezocrystal, 
=a we can readily calculate the mag- 

: Boy: | netostriction of the specimen by 
ct Ear eV au Gree PON PTT a FTV OE PO means of Eq. (4). The smallest 
: | change in length detectable by 
the set-up is 6°10-9 cm; accord- 


410 = + ingly, the minimun obec teule 
— a ee rey eaten jump is 11°10" G 
b : cm’ sec”, 
crap rearcetennasinbnanpapaiocnaabdahthtitadnacataidpteiteunintbdimminets The present measurements 


were carried out on an annealed 

a ; nickel specimen 0.01 cm in dia- 

th near nennenantasttinestion hada leatenn tet aee DONEC meter and 2.0 cm in length with 
| the magnetization being varied 
10.0 101 02 over the H, = 1.5 Oe hysteresis 

p= = a loop at the rate of 0.01 Oe/sec. 


Uo We The specimen was annealed in 
Fig.2. Oscillograms of magnetization (upper) vacuum (1074 mm Hg) at 1000°% 
and magnetostriction (lower) jumps in fields for three hours, followed by 

of 1-2 Oe (a) and 10-10.2 Oe (b). slow cooling in a magnetic shield. 


It will be evident from the 
oscillograms reproduced in Fig.2 that in weak fields intense and numerous jumps of 
both types are observed. With increase of the field both the number and magnitude 
of the jumps decreased and in fields of the order of 10 Oe the magnetization jumps 
fall below the noise level. At the same time, magnetostriction jumps can still 
be detected. No proportionality is observed between the magnitude of individual 
magnetization jumps and the magnitude of the corresponding magnetostriction jumps. 


dm 


This result can be explained by the fact that the values of oe are not, in 


ise 
general, proportional to Am. Probably the main reason, however, is that in poly- 
crystalline specimens the angles between the magnetization vectors in neighboring 
domains can vary in a wide range (from 0 to 180°). The values of Am and Aid, how- 
ever, depend differently on the angle through which the magnetization vectors in 
the domains change their direction incident to wall displacements. 

Thus, from the relation between Am and Aw for each abrupt wall displacement, 
we can judge of the type of displacements, while from the ratio of the total nun- 
bers of jumps of both types we can judge of the relation Retyeen the magnetic phas- 
es in the specimen and of its degree of texture (grain orientation). } ; 

The statistical distributions of both types of jumps (Fig.3) are qualitatively 
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Fig.3. Integral (1) and differential (2) curve of the statistical distribution in 
magnitude of magnetization (a) and magnetostriction (b) jumps. 


similar. The magnitude of the most probable magneto- 
striction jump AAg = 0.40-107-8, the mean magnitude of 
a magnetostriction jump AA., = 0.46-1078, The value 
of the magnetostrictive change in specimen length, de- 
termined as the total magnitude of all the magneto- 
striction jumps, } = NAj. (where NV is obtained by 
extrapolation of the integral jump distribution curve) 
equals 10.6°1076, 

Thus, irreversible wall displacement processes 
Fig.4. Field dependences play a substantial role in magnetostriction. The dis- 
of the magnitudes of the tribution in field of the magnetostriction jumps dif- 


7 & He 


maximum magnetization fers somewhat from that of the magnetization jumps (see 

(solid curve) and mag- Fig.4). Wall displacement processes occurring in 

netostriction (dashed fields somewhat greater than the coercive force make 
curve) jumps. a more substantial contribution to the magnetostriction. 


As the magnetization of the specimen approaches techni- 
cal saturation, the magnitude of both types of jumps decreases, but the amount of 
decrease for magnetostriction jumps is appreciably less than for magnetization 
jumps. 
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EFFECT OF MECHANICAL FACTORS ON THE MAGNETIC STRUCTURE AND PROPERTIES OF ALLOYS 
- L.N.Fedotov, V.P.Popova & B.V.Molotilov 


I. Alloys with a reduced sensitivity of the permeability to 
mechanical factors 


The development of alloys having high and stable magnetic properties is one 
of the pressing problems of alloy metallurgy. In discussing the stability of mag- 
netic properties, we must bear in mind two groups of factors. The first group 
consists of purely magnetic factors associated with the choice of magnetizing pro- 
cedure and the structure and mobility of the domain walls. The second group in- 
cludes factors connected with the structural characteristics of the alloy: number 
of defects, ductility, etc. Below we present some data on the influence of me- 
chanical stresses on the properties of alloys and analyze the conditions for sta- 
bilization of these properties. 
Kondorskii! showed that the mapneti- 
zation procedure employed can affect the 
degree of magnetic stability as regards 
elastic stresses. The state most stable 
as regards loads within the elastic limit 
is achieved by ideal magnetization (ap- 
plication of a constant field plus a de- 
24 caying alternating field of sufficient 
initial amplitude). In this way one can 
20 obtain a stable state which, however, 
differs for different alloys. 

16 Thus, for example, Figs.1 and 2 show 
the influence of compressive stresses, 

12 directed perpendicular to the magnetic 
flux, on the permeability in different 

48 fields, obtained in magnetizing along the 

ji normal curve and along the ideal curve 

4 for alloys 79NMA (79HMA) and 76NKhD 

(76HX]I) , which have approximately the 
a same magnetostriction (Ag ~ 0.2-107§), 


Miao? nor l0~* 


. 


H,0e It will be evident that change from the 

Fig.1. Influence of elastic stress 0 normal to the ideal magnetization curve 
on the permeability of 76NKhD alloy: enhances the stability of the magnetic 
peo: =0 5 2)) 0 = 1.248 g/mm2 , 3) O= state as regards compressive stresses. 
= 2.76 g/mm2, 4) o = 4.45 g/mm?, 5) It will be noted, however, that the sta- 
Oo = 8.15 g/mm”, 6) o = 20.2 g/mm2. bilization is different for the 76NKhD 
Hnor - permeability evaluated from and 79NMA alloys: the improvement is more 
the normal magnetization curve; Hig significant for the 76NKhD alloy. 
- permeability evaluated from the Thus, although ideal magnetization 

ideal magnetization curve. leads to enhancement of the stability for 


all alloys, in view of the variation ob- 
served, it is evidently worth searching for materials exhibiting better stability 
when magnetized under the indicated conditions. 

Actually the effect of external elastic stresses reduces to displacement of 
different types of domain boundaries. Fig.3 shows the domain structure in the 
(100) plane of 3.4% Si-iron alloy and the changes in the domain configuration aoe 
cident to application of an elastic stress. Under a load of the order of 1 kg/mm 
the most significant alterations are exhibited by the 90° walls; the 180 bound= 
aries shift very little. Other experiments showed that the principal domain walls 
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Fig.2. Influence of elastic stress o on the 

magnetization curve and permeability of 79NMA 

alloy: 1) o = 0, 2) o = 0.8 g/mm2, 3) o = 2.3 

g/mm2, 4) o = 4,4 g/mm?, 5) o = 8.1 g/mm2, 6) 

o = 0 (after removal of load); a - normal mag- 

netization curves and permeabilities; b - 
ideal curves and permeabilities. 


are generally less mobile in 
stress fields than the boundaries 
of subdomains and closure domains. | 
Thus, it would appear the treat- 
ment of alloys leading to simpli- 
fication of the magnetic struc- 
ture, i.e., to a domain structure 
consisting only of 180° domains, 
should result in enhanced stabili- 
ty of the magnetic properties. At 
the same time, however, one can- 
not avoid some sacrifice in pro- 
perties inasmuch as the 90° walls 
make a greater contribution to 
the susceptibility of ferromag- 
nets in the field region of wall 
displacements than do the 180° 
walls. Nevertheless, in a number 
of cases it may be worth while to 
enhance the stabilization even at 
some sacrifice in properties. 

A number of ways of simpli- 
fying the magnetic structure are 
known. One of the most direct 
expedients for eliminating auxili- 
ary (closure) domains is that of 
reducing the thickness of the 
material. It is known? that be- 
ginning with a certain thickness 
(for transformer steel strips the 
critical thickness is 50 microns) 
there are no auxiliary domains 
in the domain structure. Auxili- 
ary domains and 90° walls can be 
eliminated by texturing the materi- 
al by appropriate thermomagnetic 
or thermomechanical treatment or 
by use of material in a prestres- 
sed state. 

As will be evident from Fig. 
3, the 180° walls are also dis- 
placed upon application of an 
elastic stress, although the dis- 
placement is appreciably smaller 
than for the 90° walls. The rea- 
son for displacement of the 180° 
walls was established by Kondor- 
skiil, who also developed the 
principles of stabilization of 
walls of this type. The princi- 
pal condition for stability of 
the 180° walls is that the true 


— 153% s— 


Fig.3. Displacement of domain walls in a specimen of 3.4% Si iron under the in- 
fluence of elastic stresses - (100) surface. Load applied in the plane of the 
specimen: a) 6 = 0, b) 06 = 1 kg/m2. 


internal field acting on them be equal to zero. This field is associated with 
the internal demagnetizing factor of the alloy. Most stable as regards stress 
are states for which the mean magnetization is determined as the quotient of the 
magnitude of the external field divided by the mean demagnetizing factor. The 
mean demagnetizing factor, in turn, is connected with the imperfection of the 
material (the concentration, type and distribution of defects). Thus in search- 
ing for stable materials one should give special attention to materials with de- 
fects, for it appears that an optimum number of defects may prove to be useful. 

Theory? predicts enhanced stability of all types of domain walls for the 
case of a zero magnetostriction constant. This condition, however, is applicable 
only to homogeneous materials which have the same magnetostriction (zero) at all 
points of the crystal lattice. Actual alloys, of course, always contain differ- 
ent defects, fluctuations in concentration and so on, i.e., regions in which the 
magnetostriction differs from zero. Obviously, such a 'quasiheterogeneous'" ferro- 
magnet can no longer be described by the simple condition AX, = 0. Moreover, one 
must bear in mind the different capabilities of alloys to undergo microplastic 
deformation (strain occurring below the microscopic yield point). For purposes 
of illustration, let us consider two alloys with A, close to zero, namely, silicon- 
iron alloy with 6.2% Si (Ag = 0.3-107-6) and 79NMA alloy (A, = 0.2-10-6). The mag- 
netic-property stability of both alloys should be high if we go by the criterion 
Xs = O and the 79NMA alloy should be somewhat more stable. As a matter of fact, 
however, it is found that under the influence of tensile stresses of the order of 
1 kg/mm? the permeability of 79NMA alloy decreases by a factor of two, while the 
permeability of the 6.2% Si iron alloy falls off by only a few per cent. More- 
over, after removal of the load the initial magnetic state of the 7ONMA alloy is 
not re-established. 

Fig.4 shows the magnetic structure of a specimen of silicon-iron alloy with 
6.2% Si after brittle fracture. It will be seen that the magnetic structure even 
close to the boundary of the crack is little distorted. Fig.5 shows the powder 
pattern on a microsection of 79NMA alloy after the same deformation (0.5%). It 
will be seen that the magnetic suspension has settled along bands that are shear 
lines. In the unstressed state there does not occur any precipitation of the 
magnetic suspension on the surface of 79NMA alloy, owing to the fact that the 
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magnetostriction and mag- 
netic anisotropy constants 
of the material are close 

to zero. As a result of 
microplastic deformation, 
however, there appear sec- 
tions of the crystal lat- 
tice where the constants are 
no longer zero. Thus, it 

is essential to take into 
account the microplastic 
deformability of alloys in 
designing stable materials. 
The most stable proved to 

be alloys capable of brittle 
fracture. These included, 
in addition to the above 
mentioned high silicon alloy, 
| ~*~ iron alloys with aluminum 
eee ee ee =a es 720) . (16%) and iron alloys with 
Fig.4. Magnetic structure of 6.2% Si-iron alloy near silicon and nickel (for ex- 
a brittle-destruction fracture (deformation 0.5%). ample, N12S8 alloy). 

Above we spoke of fixa- 
tion of the 180° walls by 
defects, particularly by in- 
clusions. However, inclu- 
sions can also play a nega- 
tive role in the matter of 
stability,when they act as 
stress concentrators. In 
this case, even at low or 
medium stresses there may 
build up near inclusions 
sufficiently high stresses 
as to produce displacement 
of the domain walls. In 
plastic alloys overstresses 
may lead to local plastic 
deformation, which will 
naturally result in irrever- 
sible changes in the proper- 


%, 


Fig.5. Powder patterns on the surface of a micro- ties of the material. It 
section of 79NMA alloy after 0.5% plastic deforma- is preferable, therefore, 
tion. to resort to fixation of the 


180° walls by inclusions 
only in the case of brittle alloys. 


II. Alloys with enhanced sensitivity of the impedance to mechanical factors. 


We also investigated the variation in ac impedance of 68N and 79NMA alloys 
and an alloy consisting of 79% Ni, 3% Re and 18% Fe under the influence of elas- 
tic stresses. The impedance measurements were carried out by the bridge method 
at frequencies from 20 to 200 kc; the specimens were in the form of wires 0.2 mm 
in diameter and 150 to 170 mm in length. To avoid the possibility of chance de- 
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Fig.6. Variation of resistances as a 

function of stress: a - 79% Ni + 3% 

Re + 18% Fe alloy, annealed (125 kc), 

b - 79NMA alloy, optimum heat treat- 
ment (150 kc). 
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Fig.8. Galvanoelastic effect: a - 79% 


Ni + 3% Re + 18% Fe alloy, quenched; 
b - same alloy, annealed; c - 79NMA 
alloy, optimum heat treatment. 
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Fig.7. Variation of resistances as a 

function of stress: a - 68N alloy, 

optimum heat treatment (50 kc); b - 

T7ONMA alloy, optimum heat treatment 
(150 kc). 


formation the specimens were placed in 
quartz tubes, and were annealed and mea- 
sured in these tubes. 

The 68N and 79NMA alloy specimens 
were subjected to the optimum heat treat- 
ment recommended by the Institute of Pre- 
cision Alloys. The specimens of the 79% 
Ni + 3% Re + 18% Fe alloy were subjected 
to the following heat treatments: quench- 
ing from 1000° or annealing at 1100° for 
three hours followed by cooling at the 
rate of 100 degree/hour to 400° and then 
in the vacuum container in air. 

The variation of the change in re- 
sistance (AR/R) at the frequency at which 
there was observed the greatest change in 
impedance under stress is shown in Figs. 
6 & 7. The greatest change in resistance 
under the influence of stress is observed 
for the Ni-Re-Fe alloy and alloy 68N. 

For both these alloys AR/R equals about 
15% at o = 7 kg/mm. However, the alloy 


with Re exhibits some superior characteristics: 1) its resistivity is higher than 


that of the 68N alloy (p = 0.22 ohm mn? m1 


for the 68N alloy and p = 0.44 ohm 


mm? m-l for the Ni-Re-Fe alloy), and 2) the Ni-Re-Fe alloy exhibits linear stress 
dependence of its resistance in the stress in the range from 1 to 8 kg/mm?. 
Fig.6 presents data on the galvanoelastic effect in annealed and quenched 


Ni-Re-Fe alloy and in Mo-containing alloy 79NMA. 


is stronger in the former alloy. 


It will be seen that the effect 


The noted superiority of the Ni-Re-Fe alloy over the more stress-sensitive 
68N alloy suggests that it may be suitable for use in resistance strain gages. 
The present indications are that strain gages of this alloy should have a sensiti- 
vity some two orders of magnitude higher than the usual gages employing alloys 
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of the constantan type. 
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PROPERTIES OF FERROMAGNETIC FILMS PREPARED BY CATHODE SPUTTERING 
- R.D.Ivanov, G.V.Spivak & G.K.Kislova 


Earlier! we proposed a cathode sputtering procedure for preparing high quali- 
ty single and multiple component ferromagnetic films. 

in the present report we describe an improvement of this procedure, which 
makes it possible to record the magnetization curves and hysteresis loops of the 
mn Hg). 


sputtered films under vacuum (1076 


Fig.1. Diagram of the apparatus. a - circuit for 
measuring the hysteresis loop and magnetization curve: 
1) sputtered film, 2) glass substrate; b - electric 
circuit for sputtering films: 3) casette with glass 
substrates, 4) thermocouple, 5) substrate heater, 

6) Helmholtz coil for producing the forming field 
(field determining the easy magnetization axis) and 
reversing field. C - cathode, A - anode, SF-10 - 

selenium photocell. 


For the purpose of 
determining the principal 
loop parameters of the 
films in the process of 
deposition we chose the 
magnetooptical method 
utilizing the equatorial 
Kerr effect in the form 
proposed by Krinchik2. 

A diagram of the 
equipment is shown in 
Fig.1. The main differ- 
ence from the original 
apparatus! is the addi- 
tion to the discharge tube 
of two branches with plane 
windows (Fig.1,a). Polar- 
ized light is directed 
through one window onto 
the surface of the filn, 
and the reflected light 
is viewed by the photo- 
cell through the other 
window. By means of a 
bridge circuit comprising 
two SF-10 selenium photo- 
cells and an M21/2 gal- 
vanometer one can record 
the hysteresis loops un- 
der static conditions di- 


rectly in the set-up without exposing the ferromagnetic film to the atmosphere. 
This provides for continuous monitoring of the quality of the films during sput- 


tering. 


By means of this set-up we have obtained different ferromagnetic films 


(Mo-permalloy, iron, supermalloy, and others) and recorded their hysteresis loops 


and magnetization curves (Fig.2). 


The films were deposted in a magnetic field; the measuring (reversing) field 


was applied in the direction of easy magnetization. 
heated substrates. 


The films were deposited on 
The sputtering conditions for all the films were approximate- 


ly the same: discharge current 0.5-1 amp, specimen potential mete kv relative 
to the cathode, inert gas (krypton) pressure in tube (4-2)°10°° mm Hg, current 
density on specimen 1-3 ma/cem2, forming field 44.2 oersted, sputtering time 2-3 


min. 


We felt it would be of interest to observe the variation in the coercive 
force from the time of preparation of the film in the apparatus and during its 


subsequent oxidation as a result of exposure to air. 


The variation of the co- 
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Fig.2. Magnetization curves and hysteresis loops recorded for 1000 A 

thick films (nm is the number of divisions on the scale of our instru- 

ment and is proportional to the magnetization): a - Mo-permalloy, b - 
pure iron, c - supermalloy. 


H,,0e ercive force of a 1000 A thick supermalloy film is 
0,75 shown in Fig.3. The point on the vertical axis was 
as measured in the set-up (vacuum 10-© mm Hg) immediate- 
04 ly after deposition. The other points show how H, 
was varies with time when the film is exposed to the at- 
U 30100 200 300 Wo s0eLs mosphere. It will be seen that H, of the film prior 


to oxidation is rather low. It increases noticeably 
Fig.3. Variation of the during the first hours of exposure to air; then the 
coercive force of a 1000 growth of H, levels off. Similar results were obtain- 
A thick supermalloy film ed for the other ferromagnetic films. This behavior 
in the process of oxida~ of H, indicates that the oxide coating forming on the 
tion in air. film protects it against further changes of its mag- 
netic properties. 

Hence in the future it may be expedient to take measures to protect the 
films produced by sputtering so that they can be exposed to air without altering 
their magnetic properties; it may also be desirable to modify parts of the light 
detecting arrangement to permit oscillographic recording of the entire process 
of magnetization reversal. 
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